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A SYSTEMS STUDY OFA - .
MANNED ORBITALTELESCOPE N .~ 57 ;-

D. Bogdanoff*
The Boeing Company

Previous NASA studies have made it apparent that one of the principal
reasons for developing a manned orbital space siation is the opportunity to per-
form astronomical observations of a scope far beyond anything possible from
the ground or with unmanned systems such as the OAO. The capabilities of such
an orbital observatory, as compared with ground-based telescopes, form an
important part of the background of such a study. These capabilities are illus-
trated in Figure 1. It should be noted that to justify a project of this magnitude,
the observatory should be capable of performing a variety of observations., The
main limitation for the spectrographic, photoelectric, and thermoelectric work
of earth-based observatories is the presence of the atmosphere, which acts as
a filter for all but some narrow bands (in the visible and IR ranges) in the fre-
quency spectrum to be covex;ed by the MOT. This range has been assumed to be
from the Lyman limit (912 A) to approximately one millimeter, Astrometric
work and planetary photography in ground-based telescopes are restricted by
the phenomenon of "'seeing, " which limits the average resolution to one second
of arc or slightly better. In the case of the MOT, a performance very nearly
approaching the full diffraction limit of 0, 05 second of arc should be attainable.

NASA has instituted a broad program of investigation into the various
problems associated with the performance of such observations. To explore ex-
periments possible with such an observatory and to define its general design-
characteristics, a study was performed by Dr. L. W, Fredrick of the University
of Virginia, In addition, a study was undertaken by the J. W. Fecker Division
of the American Optical Company to establish, in a preliminary sense, the design
feasibility of the telescope and a possible design configuration, These studies
provided baselines in their respective areas for the present study.

The broad objective of the overall NASA program of investigation is to
establish the feasibility of designing, fabricating, launching, and operating a
manned astronomical observatory. Within this framework the specific objectives
of the Systems Study of a Manned Orbital Telescope were to:

* Boeing Study Program Manager



1. Imvestigate the possible operational modes of such an observatory
with special emphasis on the way in which man will be used to support the
observatory; :

2. Accomplish the necessary engineering studies, analyses, design, and
planning required to select the best operational mode and observatory design;

3. Indicate areas of technology where state-of-the-art advances are
necessary.,

The study constraints and scope of the work were defined as follows:

i. The telescope aperture is to be 304. 8 cm (120 in. ), and diffraction-
limited performance for the basic optics at the midpoint of the visible light
spectrum is required.

2. The telescope is to be launched unmanned on the Saturn IB and is to
rendezvous and operate in conjunction with the NASA MORL space station as
defined by the Douglas MORL studies. A circular orbit of 463 km (250 n. mi.)
and 28.7° inclination is used. ' :

3. The scientific studies defined by Dr Fredrick, - with certain noted
. exceptions,. are to form a basis for the scientific objectives of the MOT.

4, Three basic modes of operation of the telescope that were con-
sidered are: telescope docked and permanently coupled to the MORL; telescope
coupled to the MORL for experiment setup but decoupled for operation; and
telescope and laboratory completely decoupled.

5. Special attention is to be given to selecting the best mode of opera-
tion, the role of man, structural configuration, attitude control and stabilization,
and the thermal/optical problem.

6. Indication is to be made of the areas where state-of-the-art advance-
ment may be necessary.

7. SBufficient design and operational analysis is to be accomplished to
select the best mode of operation and to verify the design feasibility of the ob-
servatory.



The approach taken in establishing the basic optics of the telescope was
to develop in some detail the requirements for the astronomical observations
shown in Figure {. This involved defining the equipment requirements, the
form of the data, the duration of the exposure, the effective focal ratio, etc.,
for each of the observations. With these requirements defined, it was possible
to specify the primary optics, their guality, and instrumentation for each type
observation. Operational and performance criteria were established, and total
system performance was analyzed., This process was iterated several times in
the course of the study to match up the performance of the basic optics with that
of the instrumentation, insofar as possible. As a result of these iterations, the
Cassegrainian-type optical configuration of Figure 2 was recommended, This
consists of a 304, 8-cm (120-in.) primary mirror with two alternate secondary
mirrors and two flat folding mirrors. The two secondary mirrors permit the
telescope to be used at two equivalent focal ratics, ef/15 and ef/30.

There are a number of modifications that can be made to this system to
correct for coma and astigmatism. During the course of the study, the Wynne-
Cassegrain, the Ritchey-Chretien, the Dall-Kirkham, and the Herzberger-
Hoadley designs were examined. The modification selected for the MOT was
the Ritchey-Chretien design.

Various modes of operation were studied during the program to select the
best mode of operation for the observatory. The approach used in examining the
modes of operation and the associated design problems was to generate a-base-
line configuration that included all the optical and experiment subsystems and
the structural support. Modifications were then incorporated as required to
satisfy the varying functions associated with the modes of operation being con-
sidered,

Figure 3 shows the final baseline design developed during the study.

The telescope has a double shell construction with 2, 54 cm (1 in,) of
vacuum thermal insulation on the outside of the inner shell, The inner shell is
the main structure that supports all the elements of the optical systems., The
complete inner shell, mirrors, mirror supports, and scientific instrumentation
mounting platen are attached to the cabin as an integral unit by a six-bar de-
terminant truss, With this structural design, the telescope optical system is
decoupled from the outer shell and the cabin to minimize thermally and me-
chanically induced distortions, A flexible bellows is shown between the platen
tubular support and the cabin bulkhead. This permits the cabin bulkhead to be
deflected without producing strains on the optical system structure.



The primary mirror is mounted on a three-point tangent bar support,
designed to minimize heat shorts and structural distortions., During boost, the
mirror is structurally decoupled from the tangent bars and floated on pneumatic
bladders to preserve the mirror figure. Doors on the front side of the mirror
protect the optical surface and provide structural support for the pneumatic
bladders. Star trackers are mounted directly to the primary mirror support
structure to minimize bore-sighting problems.

The secondary mirrors are mounted in a control cell that is capable of
automatic adjustment in five degrees of freedom to maintain proper alignment
and focus. The figure also shows a mechanism for removing and stowing the
f/15 secondary mirror,

An earth shade is shown in the retracted position. This shade, in the
extended position, reduces the thermal gradients on the secondary mirrors and
the telescope doors. Reduction of thermal gradients on the doors makes thermal
control of the primary mirror feasible.

, The baseline design was integrated into the final recommended mode of
operation shown in Figure 4. In the final selection of the mode of operation some
nine variants of the basic three modes of operation were examined and evaluated
against technical risk, operational capability, and operational constraints en the
MORL.

The observatory is shown in the orbital configuration, attached to the end
of the MORL opposite to that used for docking and storing the logistic vehicles,
The MOT is docked to the MORL in essentially the same manner as an Apollo
logistic vehicle, except the MCT is unmanned and must be remotely controlled
by the MORL crew. "The design concept utilizes a structural attachment con-
sisting of an open frame type suppori, manually attached to the MORL, and a
soft spring-type suspension of the pitch and yaw gimbal axes of the telescope.

The very soft gimbal suspension transmits the small, almost steady-state forces
associated with station keeping while attenuating the high level, high frequency
forces associated with MORL internal disturbances. The soft gimbal suspension
is rigidized for operations that require man to enter the telescope cabin or during
the time the MORL-MOT combination is slewed to acquire a new target but would
be released for telescope observations.

The illustration shows a man in a spacesuit making the attachment of the
MOT to the MORL. Special attention'was given in the operational analysis of
the various modes of operation to identify the various tasks that man would per-
form in conjunction with the telescope operation. These analyses indicated that



the presence of man would be essential, especially in the areas of setup, check-
out and alignment, retrieval of photographic plates, and for unscheduled
maintenance,

There were several technological areas that were commeon to all modes
of operation and that received special attention from the standpoint of feasibility.
Two of these areas, namely, attitude control and the control of the mirror figure,
will be discussed in this paper.

The basic requirement of the MOT attitude control system is to provide
a stable platform that can be oriented precisely to any point of the celestial
sphere. The top row of Figure 5 indicates the absolute pointing accuracy re-
quired for the listed experiments., This pointing accuracy is defined as the
average precision of the optical axis with respect to the experiment star, The
value of 0.01 arc second for high dispersion stellar spectroscopy is set by the
entrance slit of the instrument. Because the star positions are not known to
this accuracy, this can only be accomplished by guiding on the experiment star
itself. The fine pointing sensor uses some of the experiment light for generating
the control error signal, but this still minimizes the experiment time when the
loss of light due to off-axis guidance inaccuracies are considered., The remainder
of the absolute pointing requirements can be met with off-axis pointing. In off-
axis pointing, a star, angularly separated from the experiment star, is selected
as the guide star and the fine pointing sensor offset from the optical axis the-
proper off-axis angle such that when the sensor locks on the guide star, the
experiment is on-axis. Off-axis pointing can achieve an absolute accuracy of
0.2 arc second. The required value of 0, 05 arc second for planetary spectro-
scopy requires assistance from the crew in recognizing and acquiring the area
of the planet to be observed.

The next row, pointing stability, is the pointing deviation allowed once the
observation has been started. The most severe requirement is the 0.01 second
of arc for stellar photography to minimize image smear.

Time duration for pointing during observation varies from less than 1
., orbit to 10 orbits, This requires the capability of reacquiring the experiment
star each orbit during the observation,

-Guide stars vary from the brightest available down to a star of +13 visual
magnitude. For those experiments using off-axis pointing, the capability to
track stars this dim allows complete coverage of the sky with reasonable offset
angles, approximately 10 arc minutes. '



General Electric, the subcontractor to Boeing for the attitude control sub~-
system, proposed the following control system concept for the telescope.

From booster separation to MORL rendezvous, the MOT attitude is
automatically controlled by a gyro reference system and reaction jets. After
rendezvous and upon activation of the telescope, a stellar reference is estab-
lished utilizing a sun sensor and star trackers for initial acquisition and coarse
pointing. During the initial phases of these operations, control torques are
furnished by a reaction jet system; during later phases by control moment gyros.
Accuracy in the coarse pointing mode is limited to 3 arc minutes. Error sensing
. is then switched to an intermediate star tracker system. The intermediate pitch
and yaw star tracker is bore sighted to the MOT line of sight, and the roll axis
intermediate tracker is mounted perpendicular to the line of sight. The accuracy
expected in all axes is approximately 4 arc seconds. This accuracy is sufficient
for the roll axis but does not approach that required for pitch and yaw axes.
Control is then switched to the pitch and yaw fine pointing mode. A null type
photomultiplier sensor or an image orthicon tube or a combination of both pro-
vides the error signal for the fine pointing mode. During occultation of the guidé
star, the control reference is switched to the three-axis gyro reference system
which is updated during the observation period. During the coarse, intermediate,
and fine pomtmg modes, control torques are furnished by smgle degree of free-
"dom, twin roto?, control momert gyros, -one for each axis. A dual level reaction
jet system is provided in order to desaturate the control moment gyros as well
as perform the initial stabilization and orbit maneuvering,

A detailed study was made to evaluate the single axis performance of the
fine pointing loop by means of an analog simulation that included the effects of
sensor noise, control moment gyro gimbal friction, disturbance torques, and
structural bending, The major source of error was found to be the gimbal fric-
tion in the control moment gyro, which causes an oscillation in the system. This
oscillation, however, takes place within required accuracy range of 0. 01 second
of arc. The amplitude of this oscillation can be reduced by a slight amount of
noise from the sensor or external disturbances. Both tend to reduce the effective
control moment gyro threshold by inducing continuous gimbal motion, This effect
is illustrated in Figure 6 for sensor noise, If the noise is below approximately
0.01 arc second the effect is beneficial; beyond this point the error increases.,

The most important thermal/optical problem in the MOT program in-
volved the thermal dlstortlons of the primary mirror. An ultimate goal of A/ 53 rms
surface deviation at 5000 A and a minimum acceptable level of A/30 at 5000 A
for diffraction-limited performance were set for the figure of the primary mirror.
The bulk of the thermal investigation centered around the problem of achieving
these goals.



The first step in this task involved the evaluation of the thermal gradients
in the beryllium primary mirror. This involved an orbital thermal analysis of
the temperature distributions in the entire telescope., The two cases shown in
Figure 7 were analyzed. The first was a case where the telescope axis is per-
pendicular to the solar vector and views deep space continuously, and the second
was a case where the telescope intermittently views the earth and deep space.

In addition, a transient case where the telescope swings from the intermittent
to the continuous viewing case was analyzed. These cases were selected as
representing the most critical cases for the thermal distortions of the primary
mirror,

The thermal model was complex and involved some 88 nodes and 385
radiant heat transfer paths. The thermal balance of the telescope was solved
using the Boeing Thermal Analyzer (BETA) digital computer program with
inputs from subprograms that defined the radiant heat loads based on orbital
parameters and internal radiant view factors between elements of the telescope
structure.

The results of the analysis indicated that the most favorable case from
the standpoint of thermal gradients in the primary mirror was the "continuous"
viewing case with circumferential gradients of about 0.004° F and axial gradients
of 0.008° F occurring, Further analysis indicated that the intermittent viewing.
case and the- transient case could be improved as far as gradlents are concerned -
to a condition as favorable as the continuous viewing case by closing the front
telescope doors when viewing the earth, However, it was necessary to maintain
the doors at uniform temperature when they were open, which led to the concept
of an earth shade that extended beyond the doors. The earth shade contributed
an additional benefit in that it will maintain the secondary mirror cell in a uni-
form temperature field.

The mirror distortions caused by the thermal gradients discussed above
were computed through the use of the Boeing COSMOS program.. This employs a
"stiffness method!' analysis that is capable of computing thermal distortions in
complex structures,

The carpet plot shown in Figure 8 shows the results of this investigation.
The surface deflections are plotted as a function of circumferential and radial
location on the mirror. For this investigation the mirror was assumed to have
a parabolic shape,



To evaluate the consequences of these distortions in terms of .optical per-
formance, a least-squares paraboloid was fitted to the data and the rms devia-
tion evaluated. Although the axial deflections are rather large [20.32 x 1078
t0 25.4 x 1078 cm (8 x 107% to 10 x 107% in,)] they do not present a significant
problem because they arise from dish bending of the mirror, which tends to
distort it into a new shape that is very nearly parabolic. The circumferential
distortions are more serious since they force entire angular zones of the mirror
out of contour. When the least-squares fit was made, it was found that the new
paraboloid represented an increase in focal length of 0,0240284 cm (0. 00946 in.),
which poses no problem since continuous monitoring and adjustment of focus is
provided in the basic telescope design. The resulting rms deviation from the
new paraboloid is 1.37668 x 10~ c¢m (0.542 x 107¢ in. ), which represents a
mirror quality of A/36.3 at 5000 A This indicated that the mirror quality could
be controlled within the diffraction limits by a semi-active system involving the
use of the telescope doors.

There still remain questions involving the mirror manufacture, the isen-
tropy of its characteristics, and its long term stability, which require investiga-
tion beyond the bounds of the contract,

A third technological investigation, which is not reported in detall in this
paper, indicated that special precautions must be takén to protect the more sensi-
tive types of films used in the MOT from the effects of geomagneétically trapped
radiation.

~ In summary, the conclusions of the study indicated that the MOT is a
feasible system in the time period contemplated, which is the early 1980s., The
soft gimbal operational concept is preferred, and the following problem areas re-
quire further investigation: manufacture of primary mirror and the investigation
of its long term stability, attitude stability and control, and radiation protection
of the more sensitive films,

The following actions were recommended: An investigation into the
problems associated with the design and fabrication of a large primary mirror;
bread board fabrication of the fine pointing sensors and the control moment gyros;
a study of the MOT in synchronous orbit; a more thorough investigation and
definition of the soft gimbal concept; and the institution of an intermediatfe sized
telescope program to check out the feasibility of the technological solutions and
to establish the role of man,
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» The paper discusses current laser propagation and laser communication
efforts supported by the NASA Ames Research Center., The laser propagation
experiments will involve transmission and attenuation measurements on laser
beams from a ground tracking station to corner reflectors on the Explorer 22
satellite. The laser communication experiments will involve acquisition and
tracking of a ground station 5145-A argon laser beacon by Gemini 7 astronauts,
with ground reception of laser communication from the spacecraft.

Recognizing the need to obtain more experimental data on the propagation
of laser radiation through the total earth atmosphere, the NASA Ames Research
Center selected Electro-Optical Systems to conduct field experiments in laser
propagation. The Explorer 22 satellite will be used as an orbiting reflector of
laser signals from the earth. The tracking pedestals, laser transmitter, and
optical receiver will also be used as a ground station on the Gemini 7 'optical
communication experiment. These éfforts are-closely integrated since so much
equipment is common to both.

The prime objective of the laser propagation research effort is to study
the transmission characteristics of the total atmosphere from earth to space
and return. An additional objective is to perform optical experiments relating
to navigation and tracking. The experiments to be performed are shown in
Tables I and II. These experiments will give information on aerosol back-
scatter versus altitude, aerosol particle size, water-vapor distribution, corner
reflector array scintillations, and laser-aided acquisition and tracking of satel-
lites.,

Because the equipment for the Laser Propagation Research Studies could
economically be modified to serve as a ground station for the Gemini 7 (MSC-4)
Optical Communications Experiment, and because additional propagation ex-~
periments seem possible using signals from the spacecraft transmitter, scope
of Laser Propagation Research Studies was expanded to include this additional

¥ The paper is based on work supported by NAS 2-2962,

Preceding page blank t5



effort. The principal experiments to be conducted on Gemini 7 are the basic
demonstration of voice communication from a hand-held laser transmitter to a
ground station and the measurement of audio frequency fluctuations in signal
strength caused by atmospheric effects and pointing errors.

The accomplishment of these objectives by the NASA Ames Research
Center program will have demonstrated the utility of the Explorer 22 satellite
as an atmospheric research aid, will have aided the demonstration of the first
laser space communication, and will have utilized the first field operation of
the visible argon gas laser. Thus, in addition to direct experimental results,
important advances in technology applicable to communications, tracking,
guidance, and control will have occurred.

The Explorer 22 and 27 satellites were placed in orbit primarily to de-
termine the overall profile of the earth's atmosphere. These satellites are,
however, equipped with an array of quartz cube corners as retro-reflectors
for propagation and tracking experiments using laser beams from earth,

The Explorer 22 is in a near-polar orbit with an inclination to the equator
of 79.7°, The satellite has an apogee of 1100 km and a perigee of 939 km and is
. magnetically stabilized so that the corner reﬂectors point toward the earth when
the satellite is in the northern hémisphere.

The Exp‘lorer 22 isina high orbit, nearly circular, with relatively
constant orbital parameters. The Explorer 22 satellite, equipped with a 136-
MHz Minitrack heacon, is continually tracked by the NASA-Goddard Minitrack
Network, The orbital track is determined by the NASA-Goddard computer,
Predicted look angles for any point on earth at any time are readily available
to an accuracy of several milliradians.

Because the Explorer 22 satellite'is in a polar orbit, the geographic
locale of a tracking site is relatively unimportant, The constancy and long life
of the orbit permit reasonably accurate prediction of look angles., Thus,
satellite tracking is possible independent of range facilities if the site coordi-
nates and time are well known,

The basic ground station consists of two modified Nike-Ajax pedestals
with control van, Since no major range facilities are needed, the site will be
near Moffett Field, California., Some thirty sites in the mountains to the east
and west of San Francisco Bay were evaluated by criteria of cloud cover, at-
mospheric turbulence, accessibility, logisties, sky illuminance, and available
facilities, Several adequate sites were selected from this list. Since none of
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these are currently government facilities, site acquisition may be an important
factor. Final site arrangements await completion of the Gemini 7 program.

Look angles versus time are available from NASA-~Goddard for about one
week in the future. These data are accurate within several milliradians, Azi-
muth, elevation, and range in microseconds are encoded on the tape at one-
second intervals,

-- In the field acquisition aid, a tape reader transfers the azimuth, elevation,
range, and time data from serial to parallel form. Binary coded decimal format
(BCD) is transferred to pure binary format. A digital clock advances digital
angle data once per second. To drive the Nike system with these data, digital
angle information is converted to synchro form by a solid-state control trans-
former together with 400-Hz synchro pedestal positional signals. The output of
the solid-state control transformer is a 400-Hz error signal proportional to the
difference in the digital angle command and the Nike pedestal angle. Range pre-
dictions may be processed by the system to generate a delayed range gate for
laser ranging operations, The digital clock is driven by a precise time base
generator synchronized to WWV, Figure 1 shows details of the acquisition aid
system. '

It is not plausible to provide tape data more often than once per second.
~Dtiring one second, the satellite travels approximately 3 mrad. The receiver
and transmitter beamwidths are thus required to be 3 mrad or greater. If more
accurate tracking is desired, to the approximate limit of the Nike system. (=~0.1
mrad), improved means of pedestal pointing are required.

During twilight, when the satellite is illuminated by the sun against a dark
sky background, the Explorer 22 has the brightness of a 6th to 8th magnitude
star, An automatic optical tracker may lock on this reflected solar energy from
the satellite and provide pointing error signals to drive the Nike system., For
sufficient sensitivity to track a 9th magnitude star, the optical tracker has a
small instantaneous field of view (=1.2 mrad). With this small field, the tracker
must be initially oriented in the-vicinity of the satellite by the acquisition aid.
The tracker scans its instantaneous field of view over the 3-mrad uncertainty of
the acquisition aid 400 times a second. When the tracker senses the satellite
and generates error signals, the tracking system operator can transfer control
of the Nike system from the acquisition aid to the optical tracker.

The optical tracker utilizes an ITT-FW130 deflectable photomultiplier

detector boresighted owith the 40, 64-cm (16-in,)-dia optical receiver. A beam
splitter sends 6943~ A laser radiation to the laser detector while permitting
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shorter wavelengths to reach the optical tracker detector. The tracking resolu-
tion of the electrically scanned optical tracker is better than one percent of the
instantaneous field of view or < 0.01 mrad. Thus, tracking accuracy will be
limited by the Nike pedestals to approximately 0.1 to 0.2 mrad. Both satellite
acquisition and tracking are automated functions requiring no operator at the

Nike pedestal, All tracking functions are controlled from the control van, Figure
2 shows details of the optical tracker. '

Explorer 22 atmospheric experiments will define atmospheric effects on
laser propagation and will probe atmospheric composition, Explorer 22 tracking
experiments will involve satellite ranging, laser-aided acquisition, and laser-
aided tracking,

With the Jonized Argon Laser on one Nike pedestal and a laser receiver on
the other, precise aerosol backscatier as a function of altitude will be determined
by parallax; that is, by "walking up'' the argon laser beam with the laser receiver,
From a knowledge of the angle scattering function of aerosols, the concentration
with altitude can be determined, Reflection from the satellite plus a knowledge
of the satellite range and reflection characteristic allow total atmosphere atten-
uation of 0,4880 u to be determined.

"With a Q-switched ruby laser and KDP generation of second hai"monic,
aerosol size distribution will be indicated by observing backscatter from the
laser beam as a function wavelength. Reflection from the satellite will charac-
terize total atmospheric transmission at 6943 A and 3472 A,

A sophisticated experiment involves the determination of absolute humidity
-versus altitude technigues. The beam from a nitrogen temperature Q-switched
ruby laser is directed intc a2 Raman cell containing C28§? and C2S¥, isotopes of
carbon disulfide, Raman shifted outputs from the cell lie at 7256, 3 A and
7241, 8 A, One Raman line is in a water vapor absorption line and the second
outside of the line. The selective extinction by the water vapor line as deter-
mined by aerosol scattered return signals will characterize the altitude distri-
bution of water vapor. Selective extinction in returns from the satellite indicates
total water vapor content in the atmosphere.

The variations of cw lassr reflection from the Explorer 22 satellite will
depend upon the interference pattern due to the corner cube array, upon velocity
aberration effects, and upon atmospheric turbulence. Clearly, to evaluate this
fluctuating intensity function is complex, but use of a cw laser plus geometrical
separation of transmitter and receiver offer potential for unraveling these effects.
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- Laser-aided acquisition will utilize the same scanning of a 1, 2-mrad
field-of-view optical tracker over the 3-mrad tape coordinate uncertainty as
sunlit twilit acquisition utilizes. However, the argon laser will be radiating a
3-mrad beam into the uncertainty interval, so sunlight is not required. Narrowing
the laser beam after acquisition would permit more accurate error signals, Suc~-
cess of this method will allow experimental use of nontwilight Explorer 22 passes.

Laser-aided tracking will direct the argon laser beam at a sunlit satellite
already being followed by the optical tracker. Increased received signal strength
should result. The optical receiver will then be filtered to pass only argon laser
radiation, Success of this method should permit tighter error signals and tighter
tracking.

Experiments with pulsed laser satellite ranging will also be attempted.
It is not expected that ranging results will be significantly different from those
already obtained by other groups.

The Explorer 22 program provides the basic equipment for both the
atmospheric and Gemini 7 experiments; namely, the dual pedestal Nike system
with independent and slaved pedestal capability, the 40,64~-cm (16-in.) optical
receivers (Fig. 3) with provisions for various filters and detectors, and the -
argon laser, Equlpment used for the Explorer 22 work alone includes the punched’
‘tape acquisition system and the automatic optical tracker :

The additional piece of equipment required for atmospheric and naviga-
tional experiments is the pulsed laser system. TFigure 4 shows details of the
laser head design that provides for 1,524 by 15.24-cm (0.6 by 6-in.) ruby or
neodymium glass laser rods in a closed coupled cavity, The laser rod tempera-
ture may be confrolled over the range from 273° K to 357° K to an accuracy of
+ 1°, The laser will have a capability of more than 1 joule per Q-switched pulse
at 10 pulses per minute,

The laser power supply and closed cycle cooling system will be located
adjacent to the Nike pedestal with the laser remotely controlled from the tracking
station., The Q-spoiled laser is collimated by a 30.48-cm (12-in.) Newtonian
reflector, with beam divergency adjustable over the range of 0.5 to 10 mrad.
Provisions have been made for a continuous pulse output sampling by means of a
high-speed photodiode. Between the laser head and the collimating telescope,
provision is made for either a Raman cell or a frequency doubling KDP crystal.

A system used only with the pulsed laser is the satellite ranging system,
shown in Figure 5. As indicated, a high-speed photodiode pulse activates a
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10-nsec range counter and is also displayed on a dual beam oscilloscope. A
range prediction derived from the pulsed tape acquisition aid system is presented
as delayed sweep trigger for the second scope trace, the delay being the range
prediction minus an adjustment based on confidence in the prediction. When the
scope is triggered, it sweeps typically at a rate of 10 nsec/cm. This displays
the interval of time expectied for the return pulse in high linear resolution, When
the pulse is received, it displaces the time base and is recorded by a scope
camera. The pulse also stops the range counter at the measured range value,

Following the Gemini 7 mission, the modified Nike system will be retro-
fitted with the pulsed laser, the optical tracker, and the acquisition aid. The
equipment will be established at a site near Ames Research Center at Moffett
Field, Califcrnia, Explorer 22 tracking and atmospheric propagation experiments
will commence at that time, The experimental program is flexible, and modifi~
cations to the plans of this paper are possible as the field program proceeds.

The Gemini 7 Optical Communications Program is significantly influenced
by the Gemini spacecraft orbital characteristics. The Manned Spaceflight ground
stations have the long range acquisition and tracking capability necessary for
narrow beamwidth optical communications, It follows that stations of the Manned
Spaceflight Network are the most desiraple sites for conducting this experiment,
The best orbital coverage readily available is thus from the Manned Spaceflight
Network station in Hawaii (22° N). The crux of the NASA-Ames Research Center
efforts on Gemini 7 Optical Communications is thus the adaptation of the Explorer
22 equipment for such use, and its installation at Kauai Island, Hawaii,

Stations of the Manned Spaceflight Network are logical choices as sites
for the Laser Jommunicaiion experiment. The optical ground station operated
by MSC is located at White Sands, New Mexico. After evaluating a number of
site selection criteria, the optical grouand station operated by ARC was located
Gl RaLbl, Tawnii, vobelueralion kaviug been given to Guaymas, Mexico;
Carnarvon, Ausiraiia; and Western Test Range, California., The criteria used
in the selection were cloud cover, atmospheric turbulence, latitude, viewing
angles, accessihility, acguisition aids, logistics, sky illumination, and available
facilities, '

Minimuwm probsbility of eloud cover is obviously important, Meteorologi-
cal data from ull sites were examined for the year preceding the mission schedule.
One must noie thal data coljecied ifrom weather stations several miles distant
from the prouvesed siie may have no relation to the weather at the site. For
instance, the proposced site at Western Test Range lay directly on the coast and
was subiect to peviodic heavy coastal fog, while the inland weather station at

20



WTR would report clear skies, The reverse situation was true of Kauai, Hawaii,
where the weather on the northeast coast is intensely rainy, while the south-
western coast at the tracking station is much drier.

Atmospheric turbulence causes fluctuations and beam direction changes
that can degrade optical communications to and from space, Atmospheric
turbulence effects decrease with altitude. Thus, a high-altitude Manned Space-
flight Network station becomes a desirable site, Hawaii [ 1154 m (3787 ft)] and
White Sands [ 1234 m (4048 ft) ] are the highest Manned Spaceflight Network
stations in this hemisphere.

The latitude of the optical ground station determines the number and
angular altitude of satellite passes., The number of passes with angular altitude
above 40° for the various sites studied were:

Carnarvon, Australia 19
Hawaii 15
Western Test Range 11

for originally planhed 72° Gemini 7 launch. "Current plans for zero-orbital
inclination favor a m1d-1at1tude site su.ch as Hawaii over sites at extreme latltudes
such as Carnarvon and Western Test Range, California,

All Manned Spaceflight Network stations have suitable viewing angles with
no major local obstructions. Accessibility of all these stations is guaranteed to
be adequate. All stations have acquisition aids. However, the stations do not
all have the FPS-16 radars necessary for optimum fracking of the spacecraft and
pointing of the laser beam. Hawaii, Western Test Range, and White Sands have
such radars, but Carnarvon and Guaymas do not.

Logistics was the final major difference between network stations, with
sky illuminance and available support facilities adequate at all stations. Essen-
tially, the final decision became that the FPS-16 radar availability at low latitude
in Hawaii overcame the moderate to poor logistics situation.

Location of the Laser Communication ground station at a major spacecraft
tracking station permits full use to be made of the acquisition and tracking capa-
bilities of the station, As the spacecraft comes over the local horizon,
TELTRACK or AGAVE telemetry tracking antennas acquire the spacecraft
225-10-260-MHz telemetry transmission. These antennas are pre-positioned by
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computer from NASA-Goddard. Once acquisition has been accomplished, the
C-band FPS-16 antennas are slaved to the telemetry tracking antennas and
acquire the spacecraft, aided by the on-board C-band radar beacon transponder,
The FPS-16 tracks the spacecraft from a few degrees above the horizon with an
accuracy of tenths of a milliradian,

The laser communication receiving equipment, which is mounted on modi-
fied Nike-Ajax tragking pedestals, is slaved to the FPS-16 with an overall track-
ing accuracy of 0.2 to 0,4 mrad. Slaving to the FPS-16 is accomplished by taking
1 and 16~speed synchro position information from the FPS-~16 and comparing it
with synchro position data from the Nike-Ajax system. An error signal propor-
tional to the difference between the angles of the two systems is generated and
fed to the Nike pedestals, which then null the pointing error.

Figure 6 is a block diagram of the FPS$-16 slaving system, FPS-16
servos operate at 60 Hz while those of the Nike system are 400°Hz, This has
necessitated installation of 60-Hz synchros in the Nike-to-FPS-16 slaving loop.

The basic communication experiment involves the experimental trans-
mission of voice intelligence by a hand-held pulsed FM gallium arsenide laser
-transmitter from the Gemini spacecraft to the ground receiving station. The
factors to be evaluated will be the characteristics of the pulse following propa-
gation through the atmosphere, the received signal strength versus time, ampli-
tude fluctuations due to pointing errors or atmospheric effects, and the quality of
the demodulated audio voice intelligence.

For this experiment, two optical receivers are being utilized, partially
“for backup security, and partly for monitoring the magnitude of astronaut
pointing errors. Acquisition and recording are illustrated in Figure 7.

As indicated, two channels of received information are being displayed on
a dual beam oscilloscope equipped with a high-speed motion picture camera.,
Correlation of the received signals, their pulse shape and amplitude, is then
possible. Both signal channels are then amplitude and frequency-demodulated.
The output of the frequency-demodulated channels is the audio intelligence trans-
mitted by the astronauts. The output of the amplitude-demodulated channels will
contain amplitude modulation on the signal due to both pointing errors and atmos-
pheric effects. Spectrum analysis of both the amplitude modulation and audio
channels will be possible after the mission. Additional data to be recorded in-
clude time, capsule communication, azimuth, elevation, and range information,
During experimental orbits, the naval base at Barking Sands will probe the at-
mosphere to 50 km with weather balloons and from 50 to 200 km with Arcas
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meteorological rockets. Weather prediction for forthcommg orbits will be avail-
able from the weather bureau in Honolulu.

The two tracking pedestals of the Nike system are slaved together, and
each is equipped with an optical receiver and signal processing electronics, By
placing the receivers some 122 m (400 ft) apart, it will be possible by time
correlation of the received intensity from the two receivers to obtain quantitative
data on the pointing ability of the astronaut. This experiment is limited by the
fact that the maximum separation of the pedestals, 152 cm (500 ft), is of a small
fraction of the minimum laser spot size of the earth, 610 cm (=2000 ft). It is
obvious, however, that nothing may be deduced from a single receiver other than
that the astronaut is either on or off the target.

The experimental equipment, shown in Figure 8, consists of the two Nike-
Ajax tracking pedestals and the tracking van, FEach pedestal is equipped with a
40, 64-cm (16-in.) Newtonian telescope of 314.4-cm (60-in.) focal length. A
100-A bandpass filter centered at 9060 A is located within a collimating lens
system.

The optical beacon used by the astronaut to acquire the receiver site is
an argon laser of 3-W cw output power, A commercial model of this laser sys-
tem, consisting of the laser head, power supply, and closed-cycle liquid cooling
system, is shown in Figure 9. "An identical laser head will be used on’the
Gemini program. However, the power supply and cooling unit have been inte~
grated into a mobile field cart that has environmental protection. An optical
chopper is provided that interrupts the laser beam at 7 Hz or permits cw opera-
tion, depending on whether the injection laser radiation is being received or not,

The ARC Laser Communication equipment is currently in final stages of
assembly. This equipment will be air-lifted to the NASA-Kokee Park Tracking
Station on Kauai, Hawaii. A site is being prepared along the FPS-16 boresight
range, This station will participate in the Gemini 7 pre-flight simulation tests
of beacon visibility and of receiver operation with a gallium arsenide laser
transmitter. In December, the equipment will be used in support of the Gemini
7 (MSC-4) Optical Communications experiment. Following this mission the
equipment will be moved to San Francisco Bay area, where the Explorer 22
program of atmospheric propagation and satellite navigation and tracking experi-
ments will be conducted.

It is anticipated that the results of the MSC-4 experiment to be conducted

on Gemini 7 will have a profound effect upon the future of space optical com-
munications., The success of this experiment is bound to stir the imagination
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of program planners, Future effects in deep-space optical communication will
be able to proceed with enhanced definition and surety.

Demonstration of acquisition and tracking of the ground station by the
astronauts will exhibit the ability of manned spacecraft systems to meet critical
performance requirements without requiring heavy costly automatic tracking
techniques in the space communications transmitter.

Examination of the propagation data obtained during the MSC-4 experi-
ments and also the Explorer 22 experiments may result in the development of
new modulation/demodulation techniques to circumvent the degrading effects of
the atmosphere on optical communications, The experience gained on the pro-
grams will aid materially in the selection and development of suitable sites of
site selection for future NASA optical ground stations. Further, space tech-
niques will have been developed to obtain valuable atmospheric data:

aerosol backscatter and attenuation versus range
aerosol size distribution versus range
humidity and total water vapor versus range.

In addition,‘ laser-aided acquisition and tracking of satellites will open the door
to future high-resolution radar systems for satellite tracking.

The versatility of the available equipment and techniques allows many new
experiments relating to optical technology that extend beyond the present efforts
.to be conducted, Table III lists some possible experiments of this type that could
be economically performed with future Gemini/Apollo spacecraft and with mod-

estly improved ground facilities, Such experiments could be very useful in ex-
tending space optical technology, soon and simply, before OTAES and deep-space
special spacecraft are available,

The earliest returned signals from a satellite were detected by Dr, H,
Plotkin and his associates at NASA-GSFC. The present ARC program profits
from the experience and advice of Dr, Plotkin and his associates, It is antici-
pated that the results will provide the scientific laser community with valuable
atmospheric propagation data, largely as a result of this cooperation,

Success on the MSC-4 Optical Communications experiment depends heavily

upon the efforts of Mr. W. L. Thompson and his associates, who have planned
and implemented the basic communication experiment at NASA-MSC. By adding
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some additional studies to this experiment, this program should serve as an
effort of significance to future system designs.

Appendix

An argon laser plus field support service were provided to NASA Manned
Spacecraft Center by EOS for the Gemini 5 Laser Beacon Experiment in August
1965. This appendix reports the results obtained during these tests, conducted
at the White Sands Missile Range. Included are data on the argon laser used
and comments on the operational problems encountered.

Scope of Effort. The argon laser was mounted on a platform oriented by
a modified Nike-Ajax tracking system. The Nike-Ajax system was, in turn,
slaved to an FPS-16 instrumentation radar, capable of both beacon track and
skin track of the Gemini spacecraft.®

The major design requirements of the argon gas laser were as follows:
. power output - 1 W
beamwidth - 1 to 2 mrad
modulation frequency - 3 to 10 pulses/s (adjustable) .

The laser was capable of being boresighted to the Nike-Ajax platform to
an accuracy of the order of 0,3 mrad, The laser beacon included all power
supplies, cooling systems, and instrumentation necessary for operation.

Results. The argon laser beacon was fabricated, tested, and installed
on the Nike-Ajax platform prior to the GT-5 launch., The laser beacon met or
exceeded all operating specifications and was operational throughout the GT-5

experiment,

The astronauts were unable to acquire the beacon on three separate orbii:s.
Several adverse factors contributed to this inability. An understanding of these

* The FPS-16 can track the Gemini 5 C-band beacon within +0, 1 mrad. Static
tests with the Nike-Ajax system indicated that it could be slaved to the FPS-16
radar to within +0. 3 mrad,
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factors can improve the likelihood of success on forthcoming experiments in-
volving an argon laser beacon.

Laser Operational Data. A silicon photovoltaic cell was mounted on the
rear of the laser and calibrated so as to indicate the output from the beacon.
During the orbits when the experiment was attempted, the laser was operated
between 0.9 and 1,1 W, The laser output was chopped at approximately 5 to 6
pulses per second during the experimental operation. The output was approxi-
mately a square wave. Signals corresponding to the chopper frequency and the
laser output power were fed to a recorder in the NASA van for future reference.

The laser's angular beamwidth was measured by observing the diameter
of the illuminated area on the boresight target 442 m (1450 ft) from the laser,
The beamwidth was found to be 1,5 mrad, Boresight of the argon laser with the
Nike-Ajax platform was accomplished by setting up a target on the face of a
building at the FPS-16 boresight tower, taking into account the parallax resulting
from the displacement of the boresight telescope from the laser beacon output.
Boresight was accomplished to well within 0.3 mrad. The use of "Scotchlite"
for the boresight target permitted checks of the boresight in daylight by observing
the illuminated target through the boresight telescope. .

Attempted Experiments. Thé only orbits available at White Sands Missile
Range were daylight passes, the earliest being about 6:00 am, 1/2 hour after
sunrise. Ou the average, two good passes would occur per day having elevation
angles above 40° and slant ranges of about 161 km (100 mi).

The astronauts were instructed to attempt to see the laser on August 27,
1965, orbit 92, and on August 28, 1965, orbits 105 and 197. They did not suc-
ceed in acquiring the laser during any of these tries.

A number of factors reduced the astronauts' ability to acquire the laser:

1. The spacecraft attitude control system had malfunctioned and the
astronauis were not allowed to stabilize the spacecraft to look down into the
vicinity of the laser site, B

2. The astronauts were unfamiliar with the terrain and the location of
the site and, because of the way in which instructions were given, were probably
looking at the White Sands Dry Lake rather than the site, 129 km (80 mi) to the
south.

3. The astronauts did not have any nightifime passes in which acquisition
of the laser would have been very easy. [ The laser looks like a -7 magnitude
star to an observer 161 km (100 mi) distant. ]
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4, The astronauts did not have optical filters, which would have im-
proved the contrast of the laser with respect to the background. [ The irradiance
of the laser at 161 km (100 mi) is equivalent to that received from the sunlit
earth in a 1077 steradian field of view. ]

It was found that RFI, generated during operation of the argon laser, was
sufficient to interfere with the acquisition mode of the FPS-16 radar. Because
the FPS-16 tracked satisfactorily, once acquisition had taken place, an operating
procedure was adopted where the laser would remain off until the FPS-16 opera-
tor indicated they were properly tracking.

Summary. Perhaps the most important benefits from the effort described
above are those things that will contribute to the success of related programs in
the future., The understanding of the factors that contributed to the failure of the
astronauts to observe the beacon are most imporfant in this respect., Further,
the planning of improved procedures for the Gemini 7 mission, plus the design
improvements being incorporated in an advanced laser beacon, will help insure
a minimum of difficulties in the future.
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EQUIPMENT FOR DEMONSTRATING PCM/PL
LASER COMMUNICATION
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Charles V, Smith
Hughes Aircraft Company

Since April 1965 the Hughes Aircraft Company has been developing
an experimental high-data-rate laser communication system for NASA's
Manned Spacecraft Center. This work, which is being carried out under con-
tract NAS9-4266, represents, in effect, an experimental verification of a key
result of the Deep Space Communications Study conducted by Hughes for MSC
previously. The pulse code modulation/polarization modulation (PCM/PL)
concept developed by that study is the basis of the present system, In this mod-
ulation technique the information to be transmitted is encoded in a PCM format,
and then ones and zeros are transmitted over the laser beam as right and left
circular (or elliptical) polarization, respectively. For further details the
reader. is referred to NASA Report CR-73 The requirements of the present.
.effort are outlined in Figure 1. ' ‘

The principles of the experimental system are described briefly, followed
by a pictorial review of the equipment status at the present time., Fabrication
and checkout of individual components of the system is well along, with system
integration to begin in three weeks. The tests planned for the first quarter of
1966 are discussed later. '

Because the principal signal to be transmitted by the demonstration system
is commerical television, the technique for multiplexing the sound and telemetry
channels with the video is based upon the FCC monochrome composite video
waveform, as shown in Figure 2. In the time division multiplexing scheme used
in this system, horizontal and vertical synchronization signals, and voice and
telemetry samples, are transmitted during the time usually used for the hori-
zontal sync pulse. The balance of the 9.1 usec blanked period is used to transmit
a chain of alternate ones and zeros, which is used to maintain bit synchronization
in the PCM system,

The PCM portion of this system, while incidental to the advancement of
laser technology, is a major development in its own right. The television
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transmission requirements dictate a rate of 30 miliion bits per second, with 10
million analog-to-digital conversions per second.

Television horizontal sync pulse triggers the transmission of a 13-bit
Barker code word, which may also be considered to be the PCM frame sync.
Next, 6 bits allocated to vertical sync are transmitted in one pattern during the
TV field and its complement during vertical retrace.

The entire demonstration system is shown in block diagram form in
Figure 3. An argon ion laser of 2 W nominal output and a wideband electro-
optical modulator are critical development items, in addition to the advanced
PCM encoder and decoder. The television camera and monitor are standard
commerical items,

Key parameters of the system are noted in Figure 4. During daylight
operation an optical filter in the receiver will reject all but the 4880-A line.
The curve showing signal-to-noise ratio in the receiver video amplifier as a
function of range is based on 100 percent modulation of the laser beam, and in
this case sunlight reflected from surroundings of the transmitter station will
be the limiting noise. - -‘The experimental system will provide on the order of 50 |
" percent modulation, and shot-noise. associated with the unmodulated portion of
the laser beam will restrict signal -to-noise ratios to somewhat lower values.

Moving on to the equipment description, we look first at the receiver
telescope in Figure 5. It is a commercial 20, 32-cm (8-in, ) Newtonian design,
mounted on a heavy tooling stand. The precision adjustable head will allow
pointing to about 10 yrad. The optical path is folded back along the telescope
tube by the auxiliary Newtonian corner on the left in Figure 6. The optical
components shown here are used to detect the polarization modulation and will
be mounted in a tube mounted on the telescope. The cutaway tube shown is
being used as an alignment jig. To the right of the mirror is a large iris used
as a baffle, and on this same ring there is a slot in which neutral density filters
can be inserted to simulate long distances. In the center of Figure 6 the adjust-
able field stop can be seen. On the back of its mount a rotatable prism is
mounted, which allows looking through the field stop for final pointing of the
receiver. The eyepiece is not shown.

Further to the right are the spectral filter holder, a cell holding a
quarter wave plate and Wollaston prism, and a holder for the photomultipliers.
These components can be seen better in Figure 7. The quarter wave plate and
prism, in the center, are used to convert the incoming PL signal to spatially
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separated components that are directed to the two photomultipliers in the holder
at the upper right. Moving clockwise we see the fine field stop and sighting
optics holder, the slide for neutral density filters, one of the spectral filters in
its holder, the auxiliary Newtonian corner, and, at the top, the large haffle iris.

The photomultipliers feed video amplifiers, one of which is shown at the
bottom of Figure 8. The large unit on the right is the tapped delay line used in
detection of the horizontal sync signal. To its left is a small unit that detects
horizontal sync and performs gating and timing functions., In the top center is
the phase locked loop that provides bit synchronization, and on the far left is a
matched filter and threshold unit that synchronously detects the signal plus
noise from the video amplifiers to provide clean PCM video. In Figure 9 the
units have been closed.

PCM video and the 30-MHz clock signal are the major inputs to the
digital decoder, which occupies the two panels on the right of Figure 10. The
outputs of the decoder are television video and horizontal and vertical syne
pulses, which are fed directly to the monitor, and the sound and telemetry sig-
nals. Both the decoder and the encoder on the left make extensive use of
~ Motorola MECL microcircuits.

The encoder accepts television sfgnals from the camera, and, with
reference to the horizontal sync pulse, multiplexes in the Barker code word,
voice, and telemetry samples, ete. It is built around a high-speed analog-to-
digital converter. The 30-MHz clock oscillator is in the upper left corner.

The digital bit stream from the encoder is fed to the modulator driver,
shown in Figure 11. It is entirely solid state, using 2N3375 transistors in a
push-pull switching type circuit to optimize efficiency. The electro-optical
modulator is shown in Figure 12. It contains ten pieces of KDP, each 5.08 cm
(2 in.) long. I is a transverse mode modulator. The unit is oil filled to mini~
mize thermal and optical matching problems.

The heart of the transmitter station is the high-power argon ion laser.
The Hughes Research Laboratories have been developing this type of laser for
a military application for almost a year. Figure 13 illustrates a late model
laser using a quartz tube. Several lasers of this configuration have been built
and are producing on the order of 2 W. Because of life problems associated
with high-power operation of quartz tubes, a great deal of attention has been
devoted to perfection of metal ceramic construction techniques. Figure 14 shows
a laser of this type. It is our intention to deliver this type of laser with this
system.
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The laser, modulator, and driver are being mounted on a honeycomb
panel, as indicated in Figure 15. The transmitting telescope will allow adjust-
ment of beam divergence. It also includes a provision for sighting along the
transmitted beam for system set-up. When looking through the eyepiece one
sees the receiving station with the transmitted beam superimposed. The trans-
mitter station is being mounted on a tooling stand identical with the receive end,
but because of the weight of this equipment we have had to design a special pre-
cision pointing mount for this end, as indicated in Figure 16. The laser alone,
in its militarized housing, weighs almost 45 kg (100 lbm).

The laser power supply and control units are shown in Figure 17, These
units include starting provisions as well as filament, solenoid, and anode sup-
plies for the laser. Prime power is three phase 400 cycle, since these designs
are also spin-offs from military programs.

All of the equipment shown is in the final stages of assembly, or being
checked out. At the end of November system integration is scheduled to begin,
and, barring unforeseen difficulties, the experimental system should be ope-
rating shortly after the first of the year. It is planned to operate the system in
the laboratory initially. As soon as reliable system operation is achieved, the
system will be set up to transmit from the Hughes Culver City plant to our
Baldwin Hills facility, a distance 6f some 8 km (5 mi). System performance
as a function of atmospheric conditions and signal-to-noise ratio will be meas-
ured, :

Ultimately the system will be delivered to the Manned Spacecraft Center,
where operation over a 11,3-km (7-mi) path is planned.
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RECEIVER OPTICAL COMPONENTS

FIGURE 7.
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RECEIVER ELECTRONICS

FIGURE 8.
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FIGURE 10. PCM ENCODER AND DECODER



SOLID STATE MODULATOR DRIVER

FIGURE 11.
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ELECTRO-OPTICAL MODULATOR

FIGURE 12.



FIGURE 13. QUARTZ TUBE ARGON LASER
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PARAMETRIC ANALYSIS OF MICROWAVE AND LASER
SYSTEMS FOR COMMUNICATIONS AND TRACKING

Lyle 8. Stokes
Hughes Aircraft Company

The Goddard Space Flight Center entered into a study contract on
August 6, 1965, with Hughes Aircraft Company to analyze microwave and laser
systems for communication and tracking, The purpose of this paper is to intro-
duce the objectives and tasks of this contract. The paper is divided into three
sections: first, an introduction to the problems of deep-space communications;
second, an indication of the ultimate goal of this study; and third, an illustration
of how this goal will be used in solving a typical space telecommunications prob-
lem, '

A number of telecommunications choices are now available for space
communications. These choices include a variety of spacecraft and ground-based
hardware using frequencies from the vhf range through s-band. Future planning
will undoubtedly include new frequencies and different designs. It is necessary,
therefore, that a coherent and logical plan be developed enabling a space com-
munications designer to pick the proper design configuration for an anticipated
spacecraft telecommunication system. Not-only is the large numbér of possible -
choices for communications design a problem for the space designer, but the
continuing desire for wider and wider data bandwidth demands that the designer
make his choice wisely. In those cases where a high data rate is not gen-
erated by spacecraft sensors, time competition for receiving sites will pressure
the telecommunications design toward a higher data rate, That is, if a space
vehicle is transmitting data at a slow rate, a rate adequate for the data being
detected, it may utilize a deep-space tracking station for many hours. If, how-
ever, the data were transmitted at 2 much faster rate, time allotted to such a
space vehicle might be arbitrarily short.

The advent of lasers as a possible communications means further com-
pounds the nature of the communications problem. In some areas people are
highly in favor of lasers and feel that this is the ultimate answer to the com-
munications problem. In other areas people are very negative toward these new
technological methods in terms of deep-space communications. The object of
this study is to determine what is the net worth of lasers and then to match that
net worth with the particular application for which they are best suited.
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There are two major ultimate goals of this study contract. The first
goal involves the ground system design. The study requires that the existing
ground systems be carefully critiqued. This critiquing will document, in a
convenient form, the various key parameters of ground systems. In addition,
it will provide a basis for determining what additions or what changes should
be made in these systems to provide suitable capability for future deep-space
communications requirements. A second part of ground systems review will
be the inclusion of proposed improvements or changes to the ground system,
allowing both additional radio frequency capabilities and additional capability
using laser frequencies. In the latter case, the ground network may be a
hybrid system in the sense that the primary receiving site may be a satellite
located above the earth's atmosphere working in conjunction with ground
stations,

A second major goal of the study contract is to formulate a handbook for
space communication design, This handbook will enable a communications
designer to determine what is the best communication system based on the re-
quirements given. The handbcook will contain three major sections that deal
with the solution of the problem. Interwoven with these three major sections
will be a fourth, which is the communication choice available to the designer,
The three major sections of this space communications handbook are: method-
ology, parametric studies, and state of the art. The methodology is the
method of solving the space communications problem. It will include the in-
terrelationships among the various parameters involved in the space communi-
cations problem. In addition, the methodology will contain logical methods of
arriving at optimum system for a given set of space communications require-
ments.

The parametric studies to be documented in the space communication

" handbook will illustrate the parametric interrelationships of the various param-
eters of the space communications problem. These parametric studies will be

calculated over wide ranges of parameter values and will enable the designer to
realize the trade-off of his design,

The state-of-the-art portion of the space design handbook will provide
limits to the parametric studies and will document the state of the art at present
and will project state of the art for each parameter value for some years into
the future.

This section offérs a sample solution to a space communication problem
in a very simplified way. The objective of this example is to show the general
concepts that will be evolved through this study. It is not expected that this
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example will be definitive in terms of any particular application presently being
envisioned. However, such an example will serve to show the method being used
in the subject study.

First, consider the various space communication concepts that might be
available for a given space mission. There are the direct spacecraft-to-earth
links that might use either a laser or more conventional rf transmission.
Second, there is a probe-to-satellite-to-earth transmission link that again might
use laser or radio or a combination of these two transmission methods. Third,
instead of an intermediate satellite, the moon might be used as an intermediate
station with a deep-space probe-to-moon-to-earth link using light and/or radio.
Figure 1 illustrates a synchronous satellite above the earth receiving data from
a deep-space vehicle. The satellite will be in view by the space vehicle con-
tinuously for large portions of the year; thus continuous communication to the
synchronous satellite may be achieved with no switchover from receiving station
to receiving station such as would be required if the space vehicle were trans-
mitting directly to earth. It might be noted that the satellite shown here as a
synchronous satellite may well be a lower altitude satellite, as low as 6436 km
(4000 mi), and may still be continuous in view of a space vehicle over a con-
siderable portion of a year., Comparisons of three types of bases, ground bases,
moon bases, or satellite bases, are given in Figure 2,

- The next step in the designer's consideration of the proper space com-

- munication concept to use is that of determining the interrelationships of various
parameter values. Figures 3, 4, and 5 illustrate typical parameter values that
might be considered by a space designer. In Figure 3, antenna gain versus
normalized diameter is given showing the limitations for two different tolerances,
one part in two thousand and one part in four thousand. A second typical para-
metric trade-off that a designer may consider is illustrated in Figure 4, Here
the watts per pound available as a function of frequency is given for rf generators.
Because of the importance of weight on spacecraft design, this type of curve is
extremely important in communications analysis. Figure 5 illustrates another
type of parametric consideration that will be required for each spacecraft design,
the efficiency of the power supply versus the pounds required for each transmit-
ted watt, If the power supply is very efficient, only a small amount of weight is
required for the transmitted watts which corresponds to the power supply con-
version equipment., As the power supply conversion equipment becomes less
efficient, a larger weight is required, reflecting the increase in weight caused

by heat radiators which must be carried by the spacecraft,

The designer, having reviewed spacecraft concepts and parametric
interrelationships, would then apply state-of-the-art limitations on the parameter
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values to come to a conclusion of the type of design choices available to him.
As an illustration, Figure 6 shows state of the art for system noise tempera-
tures using various types of detectors. As a second illustration of typical
state-of-the-art limitations, Figure 7 presents available cw output power as a
function of frequency. Plotted here is the power available from transmitter
tubes as a function of frequency. The 1960 state of the art and the current
state of the art are illustrated.

Having reviewed space communications concepts, parametric value varia~

tions, and typical state-of-the-art limitations, the designer will then refer to a
methodology of how to solve his particular problem. Figure 8 illustrates a very
rudimentary flow chart for such a methodology. It includes four major sections:
one of operation and system analysis; a second, communication theory; and third,
components technology. These three sections supply inputs to the fourth major
section, which is frequency trade-offs. By manipulating various functional in-
terrelationships of the key parameter values, it is possible to obtain channel
capacity for an optimized wavelength per pound of communications equipment.
The calculations indicated in this flow diagram have been completed for four

- different transmitting frequencies: 5 GHz, 94 GHz, 3.5 u, and 0,5 u. These cal-
culations are simplified by not taking account of losses due to atmospheric ab-
sorption, They have assumed a very low background noise, the case of a black
sky background, and no account has been taken for the acquisition and tracking
weight, A tabulation of these four calculations appears in Fiéure 9. The key. '
.parameters are listed in Figure 10 as is the channel capability for each system
weight. This calculation’is of such a rudimentary nature that the values of 5 GHz,
94 GHz, and 0.5 u are essentially the same, The calculation for 3.5 u shows a
considerable reduction in the selected figure of merit, bits per second per pound,
This low value is caused largely by the low quantum efficiency of detectors at

3.5 U

This paper has presented the type of study to be carried out during the
contract period. It is expected that by the end of Phase I, to be completed in
early February, that a definitive methodology will have been formulated, During
the subsequent Phase II, definitive values of parametric studies and state-of-the-
art documentation will join the methodology in formulating a space design hand-
book enabling the space designer to plan an optimum system configuration for a
given set of space communications requirements.
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SYNCHRONOQUS
SATELLITE

$ TO SPACE VEHICLE

EARTH AXIS

TOSUN «—
ECLIPTIC PLANE

————P TO MARS

SATELLITE ORBIT
ANGLES iN DEGREES ’ :

FIGURE 1. FIELD OF VIEW OF EQUATORIAL
SYNCHRONOUS SATELLITE
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Base Advantages Disadvantages
Ground Power limited only by laser | Pointing accuracy limited by
state of art image motion, beam spread
Antenna size limited only Power reduced by absorption
by variable flexure of and scattering
structure
Logistics and maintenance High background noise during day-
time operation
Sophisticated data process- Possibility of operation depends
ing and trajectory pre- on meteorological condition
diction equipment available Several ground stations reguired
for continuous coverage
Switchover and reacquisition
problems difficult
Long and frequent switchover
time
Moon | No atmospheric effects Pointing accuracy limited by lunar
thermal environment
Low background noise Additional ground station required
Large antenna size Inter-lunar communication
possible difficulties
Possibility of continuous Sophistication of base(s) dependent
coverage on earth-moon transportation and
development of manned lunar
colonies
Most expensive
Satel- | No atmospheric effects Power and antenna size limited in
lite near future by payload requirements
Low background noise Monitoring and control ground
station required
Continuous coverage Complex equipment
probable from single base
Reacquisition problems
eliminated
Cost less than moon link Poor maintenance facilities
Excellent pointing accuracy Switchover and reacquisition diffi-
cult if occultations occur
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OPERATIONS AND SYSTEMS ANALYSIS

OPTICAL PATH OPTIMIZATION

ANTENNA GAIN LIMITS

RANGE EQUATION

PRIME POWER VS WEIGHT
]

FREQUENCY TRADEOFF

RADIATOR POWER VS WEIGHT

COMMUNICATION THEORY
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E, M. Wave 5 GHz 94 GHz 3.5u 0.5
Transmitter Power 100 100 1 1
(watts)

Efficiency 0.2 0.2 0. 002 0. 002

.k
Wop/Pip 0. 68 0. 68 74 74
Prime Power and 30. 84 30. 34 33.57 33. 57
Heat Radiator
Weight (kg)

Transmitter Weight 7.71 22. 68 4. 54 4. 54
(kg)

Antenna Weight (kg) 45, 36 27,22 45, 36 45, 36
Total System Weight 83. 92 80.74 83. 46 83. 46

(kg)

FIGURE 9. TYPICAL TRANSMITTER SYSTEM WEIGHT COMPARISON

E. M. Wave 5 GHz' 94 GHz 3.5u 0.5
Transmitter Power 100 100 1 1
(watts)

Range (meters) 1ol o4 101! 1ol
Transmitter 4 3 1 1
Antenna Size
(meters)
Receiver Antenna 40 20 10 10
Size (meters)
Maximum Bandwidth 26 258 0. 06 520
(MHz)
Transmitter Prime 500 500 500 500
Power (Watts)
Total Transmitter 83. 92 80.74 83, 46 83. 46
Weight* (kg)
Channel Capacity 9 x 107 8.9x 108 | 2.1 x 105 1. 8% 10°
(bits/sec)

. Figure of Merit 2.18x10%| 2.26x10% | 0.5x 103 | 4.4 x 108
(bps/kg)

* Includes prime power, radiator, and antenna weight.

FIGURE 10. MICROWAVE-OPTICAL COMMUNICATION
SYSTEM COMPARISON
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R. M. Fleming
I. H. Swift
North American Aviation, Inc.

The Modulation-Inducing Retrodirective Optical System (MIROS) is a
NASA concept for imposing information~carrying modulation onto a light beam
by varying the optical properties of a retrodirective reflector. A receiving
station directs an unmodulated beam of light at the MIROS transmitter and re-
ceives the retroreflected light. By detecting the modulation applied by the
MIROS retroreflector, the receiving station acquires the transmitted information.

The MIROS contract requirements included the design of a package in-
corporating an optical receiver as well as the retromodulator. The optical
receiver design is straightforward; therefore, only the retromodulator will be
discussed in this paper.

' Severa.l approaches are possible for 1mplement1ng the retromodulator.
One apprdach currently under investigatien at Goddard Space Flight Center is
based on the use of concentric telescope optics with a mirror at the focus. The
telescope optics can be made info a retromodulator by incorporating a means
to modulate the light reflected from the curved focal surface, either through
interference phenomena or by defocusing the optics by mechanical movement
of the mirror surface. The approach studied at North American Aviation (NAA)
is to incorporate a means of modulation into an optical corner reflector.

The performance goals for this study were a frequency bandwidth of 20
kHz, +10-arc seconds return beamwidth, a 50-percent depth of modulation,
power requirement of the order of 1 W, and an effective aperture area of 100
cm? when used 20° off axis.

In a Phase I program the optical, mechanical, and electrical properties
of a corner reflector that incorporated an array of optical modulating elements
on one of its three surfaces were investigated (Fig. 1). The corner reflector
design was optimized, and the resulting configuration is as shown in the figure.
The principal problem studied, however, was the technology of fabricating the
modulating elements. The modulating element was a stretched, aluminized
Mylar membrane supported by an etched, fused-silica disc (Fig. 2). The area
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of the supporting disc behind the membrane was aluminized, thus forming one
plate of a capacitor--the aluminized membrane being the other plate. When
these plates are electrically driven, the electrostatic forces deflect the mem- .
brane from its normal, optically flat position, resulting in modulation of the
intensity of the retrodirected beam in the far field.

It was discovered during the study that by allowing a small amount of air
to remain in the test chamber enclosing the modulator element rather than eva-
cuating the chamber, the bandwidth of the modulating element could be signifi-
cantly extended above its vacuum resonant frequency (Fig. 3).

The Phase II program, which was conducted to extend the developments
initiated in Phase I, also included new areas of study and experimentation.

The techniques devised during Phase II for the fabrication of the precis-
ion optical components of the modulator elements proved to be satisfactory
(Fig. 6). Pilot production quantities produced in the NAA optical shop are
uniform in height to within 500 A (1/10 wave). Their membrane mounting sur-
faces are parallel to their bases to within 0.5 arc seconds, and the mounting
surface of each element is flat to within 1/10 wavelength of visible light. The
abilitytohold these tolerances is significant because, assuming the required
~"optical tolerances of the corner reflécior are maintained, -the complete MIROS .
retroreflector should have a return beamwidth less than that corresponding to
the individual modulator element dimension (i.e., less than #10 arc seconds).

The theory of the effect of pressurization on bandwidth and driving power
was developed and experimentally verified to frequencies of about 20 kHz.
Theoretical extrapolation of these data (Fig. 7) showed that a 90-kHz information
bandwidth should be obtained at one atmosphere of pressure. The required
drive power increases with the square of the bandwidth, however, as would be
expected on fundamental grounds for any modulation technique.

During the second phase, several new membrane materials and fabrication
techniques were evaluated relative to the performance goals for a MIROS retro-
modulator (Fig. 8). Organic pellicle membranes were found to have acceptable
flatness and optical quality, but their vacuum resonant frequency was much
lower than that of metallic membranes. Several different metallic membranes
of 1/10 mil thickness were tested; and it was determined that a low-iron-content
stainless steel known as "Havar' had the highest yield strength-to-specific
gravity ratio, which results in its having the highest potential vacuum resonant
frequency (18.3 kHz). The measured specular reflectivity of Havar membranes
wa.s only 7 percent of that of a quality optical flat, however. An attempt fo
mechanically polish the surface produced an inadequate improvement of 2 percent.
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_ A replication process involving vacuum deposition on an optical flat was
used to produce several nickel membranes having gold reflecting surfaces (Fig.
9) . Test results showed that thése membranes had nearly ideal optical pro-
perties over their 2-cm aperture. The measured specular reflectivity was 80
percent of that of a quality optical flat. The vacuum resonance frequencies
obtainable with a nickel film are, of course, lower than that of Havar.

For linear operation, the membrane must be biased to such a curvature
that the far-field intensity is reduced to approximately one-half that obtained
with the undeflected, flat membrane. This bias is obtained by applying a de
voltage to the modulator. Applied ac modulating signals then cause greater or
less deflection of the membrane relative to this biased position. As the mem-
brane becomes more concave or more nearly flat as a function of the modulating
signal, there is a respective decrease or increase of the light intensity in the
far field. It may be noted that if this dc bias is not applied, then frequency
doubling (i.e., severe distortion) will result.

A fundamental problem with the electrostatic drive approach that has
been described is that if the bandwidth is extended significantly by pressuriza-
tion, the restoring force acting on the membrane at signal frequencies will be
predominantly due to compression of the confined gas; but the restoring force
at zero frequency, or dc, is due only to membrane tension (Fig. 1Q). This is
. caused by the fact that the orifice connecting the volumeseon either side of the
membrane is designed to have a low impedance at low frequencies and a high
impedance at high frequencies. There is, therefore, a large difference in the
effective spring constant at dc compared with signal frequencies. A relatively
small dc voltage will provide the required membrane bias deflection; but, to
avoid distortion, the ac modulating signal must be less than the dc bias voltage.
Consequently, when the bandwidth is significantly increased by pressurization,
only small depth of modulation can be obtained without severe distortion.

The net conclusion from this study is that, assuming further work would
yield membranes with the mechanical properties of Havar combined with the
optical properties of replicated nickel, the resulting overall performance would
approximately meet the stated MIROS goals ( return beamwidth of £10 arc seconds,
approximately 20 kHz bandwidth) . A modulation index of 42 percent would be
obtained with 18-percent distortion; higher distortion would result with a higher
modulation index. In view of the inherent difficulties, however, further work
‘along this direction for achieving the projected performance is not recommended.

-Subsequent to the completion of the Phase II program, a new approach
that obviates these problems was conceived for driving the MIROS modulators.
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This new approach employs a drive method similar to that used in electrostatic
speakers, to which we can apply the name "push-pull." With this approach,
pressurization can be used to obtain the desired bandwidth, and the relationship
between membrane driving force and applied modulating voltage is linear. Be-
cause high membrane tension is not necessary, replicated metal membranes,
such as have been made with high optical quality can be used; pellicle membranes
probably can be used also.

The configuration envisioned for the MIROS pressurized modulator ele-
ment using push-pull drive is as shown in Figure 11. The lower portion of the
element is similar to the original design, but a flat quartz disc attached by a
thin spacer ring covers the modulator membrane. A transparent conductive
coating applied to the inner side of the cover plate forms a third electrode. The
gas required for achieving the desired bandwidth by pressurization is perma-
nently sealed within the modulator element. An orifice provides low-frequency
pressure equalization on either side of the membrane.

In contrast to the single-ended drive, it is possible with this configuration
to deflect the membrane in either direction from its flat position, i.e., both
convex and concave deflection are possible. Because membrane deflection in
either direction from the normally flat position causgs a decrease in the light .

- intensity in the far field, a steady-state bias still is necessary to provide linear.
operation and prevent frequency doubling. This could be accomplished by
applying a dc voltage to the modulator as described previously. It canbe ac-
‘complished more easily and reliably in this case, however, by an optical rather
than electrical bias. The optical bias can be provided by a weak "lens'" formed
by convex spherical curvature of the top surface of the cover plate. The saggita

1/8A '

n-1 _

of the cover plate. For n =1.5, a saggita of A/4 will provide the correct bias.

‘required is , where A is the light wavelength and n is the index of refraction

The membrane is located between two electrodes in the MIROS pressur-
ized push-pull configuration (Fig. 12). A voltage is applied between the top
electrode and the membrane and between the bottom electrode and the membrane,
The difference in the square of the two voltages produces a spherical deformation
of the membrane. The pressure restoring forces at high frequencies so far ex-
ceed the tension restoring force that the resonant frequency and the required
modulation voltage are essentially determined by the gas pressure and the pres-
sure chamber volumes.

The critical parameters are the dimensions of the cell--its diameter D,

the depth of the pressure chambers (d) which establish the gaps between elec-
trodes, the thickness of the membrane {, the gas pressure P in the pressure.
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chambers, and the area density of the membrane material p. (All dimensions
and units will be in MKS units, unless otherwide indicated.) To produce modu-
lation at an angular frequency, w, the voltage between the bottom electrode and
the membrane will be E; + V sin wt and between the top electrode and the mem-
brane it will be E; - V sin wt.

It can be shown that for the pressurized push-pull configuration the
resonant frequency f,, which isassumed approximately to define the modulation
bandwidth, i

S
| P
=~ Q. e i
fr 0.141 od (1)

Attention will be restricted to a nickel membrane one micron thick,
although, presumably, organic pellicle membranes could also be used. Results
are presented with pressure measured in units of atmospheres, denoted by a,
and the gap size measured in units of thousandths of an inch, denoted by b.
Making suitable substitutions* , it can be shown that

£ = 0.95x 10>  ~Na/b (Hz) . (2)
"This dependence is shown in Figure 13.

Assuming that E1 E, = VO, it can be shown that the sagltta A, of the
spherlcal deformation of the membrane due to the applied voltages will be

A =—=0 (V0+Vsinwt>
55 .20 d .

-Vsinwt YV
(oY } + A (3)

A is an effective or apparent saggita resulting from the weak "lens' used
for biasing the modulator as described previously. Simplification of equation
(3) leads to

E() 4:V0V
55 f 2p d?

A=Ayt sinwt . (4)

The on-axis far-field intensity of light of wavelength A, reflected from a
spherically deformed surface with sagitta A, has been shown to vary as

* The bulk density of nickel is 8.9 x 10® kg/m® so the area density for-a one-micron
thick membrane is 8.9 x 10~® kg/m? One atmosphere of pressure is approxi-
mately 10° N/m?, so P = 105a. A thousandth of an inch is approxzmately 25.4 x
10-* m, sod =2.5x 10-° b,

81



[sin (27A/A) /(27A/M)]1%

so that modulating the deformation symmetrically about an optimum bias* of
A ¢ = A/4 through a minimum sagitta of A min = A/8 and to a maximum of

A max = 3A/8 achieves an intensity swing from 90 percent of maximum to about

30 percent of maximum, giving a 60 percent depth of modulation. Thus, to
obtain a 60 percent depth of modulation, the sagitta will have to be modulated
over a distance A/4. The modulating term of equation (4) will then have to be

S () - 2

Because of the possibility of high-voltage breakdown across the electrode
gap, it is necessary to minimize the peak voltage across the gap while satisfying
 equation (5). This is accomplished by setting V, equal to V. (Larger values
of V, will decrease the required value of V and hence the power dissipation, but
the minimization of the peak voltage will be selected as the primary considera~
tion.) With V=7V, the modulation electric field amplitude Es (equal to V/d) is

55 A

2 . 29 2 A
Es 8¢y P fr 4 . . (6)
For 6328-A light:
E_ =~ 3.14x 10° %— (volts/meter) (7)
V =78.6a (volts) . (8)

Equation (7) is plotted in Figure 13 and equation (8) in Figure 14.

Now the driving power requirements will be considered, the MIROS
modulator unit may be considered as two capacitors in parallel, each with a
diameter D equal to 0.02 m. The capacitance is thus

C = (2¢gr/4) (D?/d)sx
' (9)

1
=9 =10 —_

* As indicated previously, A, is obtained by means of spherical curvature of the
upper surface of the modulator cover plate rather than by an applied dc voltage.

%% For the pressures of interest here we will assume the dielectric constant in
vacuo (€;) to be close enough to the actual dielectric constant.
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Strictly speaking, there need be virtually no power dissipation in the
modulator. In practice, the product of the rms oscillating voltage times the
rms current, which we will call the "volt-ampere power, " PV A’ will be a meas~

ure of the power dissipation associated with the driving circuitry. The rms
oscillating voltage is 0.707 V. The current that will flow when the voltage is
oscillating at frequency fm (= w/27) has an amplitude

]

I =2r £ CV , 210)
S m T

and the rms current is 0.707 Is. It is assumed that the power spectrum of the

driving signal will be spread uniformly over the frequency range from almost
zero to fr’ the resonant frequency. The volt-ampere product is proportional

to fm and therefore the average volt-ampere product or average power is
proportional to the average fm’ which will be about 0.5 fr. Thus the average

power dissipation should be

= 2 2
PVA (0.707)“ 2 (0.5 fr)' C(V)

- (11)
- -16 ¢ 3
I?VA 2.39);10 | fr.a

This dependence is plotted in Figure 15,

Let us consider a specific design example for which we choose a gap
size d equal to two-thousandths of an inch, with a pressurization equal to one-
tenth of an atmosphere. From Figure 13, the resonant frequency is seen to be
21 kHz and the modulation field strength will be B =1.57 x 10°V/m. The peak
electric field across the electrode gap (bias plus rsnodulation) will be 2 Eg
=3.14 x10°V/m. The safe (i.e., no arc-over or breakdown) electric field
across a gap is proportional to pressure (in the range of interest); 3 x 10 V/m
is safe at one atmosphere. Because experience has shown that this limit can be
exceeded by a large factor with no detectable problem, we conclude that 3.14 x
10° V/m at one-tenth atmosphere is a more than safe peak field strength. From
Figure 14, we see that the required modulation voltage will have a zero-to-peak
swing V = 7.8 volts. From Figure 15, we see that the power dissipation will
be 0.22 mW per modulator unit.

An example of another configuration that could be selected if power

requirements were of critical importance is one that operates at one atmosphere
pressure with a gap dimension of twenty-thousandths of an inch. The resonant
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frequency would again be 21 kHz. Keeping the peak electrical field across the
gap less than the conservatively estimated safe value of 3 x 10% V/m, the same
depth of modulation could be maintained by increasing the dc voltage to about
1600 V and decreasing the zero-to-peak ac voltage to 4 V. The power dissipation
(volt-ampere product) will then be down to 5.5 uW per modulator element.

Other combinations of parameters, of course, are possible including configura-
tions having bandwidths considerably greater than 20 kHz. Limiting beamwidths
less than =10 seconds also presumably could be attained through the use of larger
diameter modulator elements.

The MIROS concept offers a number of unique advantages for space com-
munications. Based on the studies that have been made, it appears that MIROS
retroreflectors fundamentally are capable of being developed into practical,
lightweight, rugged, radiation-resistant, and long-lived devices that have very
small power requirements. Based on the parameters shown (Fig. 16), the

range performance of a satellite-to-ground MIROS system is as shown in Figure
17.

With such performance, it is possible to conceive a number of practical
applications of MIROS systems, including the following (Fig. 18):

1. earth-orbiting conimunications satellite
2. lunar-orbiting communications sateliite

3. excursion module/individual astronaut for spacecraft communication
link

4. lunar surface-to-spacecraft telemetry

5. spacecraft-to-ground link during rf communications "blackout"
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MODULATION INDUCING
RETRODIRECTIVE
OPTICAL SYSTEM

FIGURE 1. MIROS

'BANDWIDTH 20,000 Hz

BEAMW I DTH +10 SEC

DEPTH OF MODULATION 50%

POWER REQUIREMENT ORDER OF ONE WATT

EFFECTIVE AREA 100 CM2 WHEN OPERATING 20 DEGREES OFF-AXI1S

FIGURE 2. MIROS RETROMODULATOR PERFORMANCE GOALS

OPTICALLY CONTACTED,
FUSED-S ILICA
REFLECTOR ASSEMBLY

TRIHEDRAL REFLECTOR
CONFIGURATION

MODULATORS

FIGURE 3. MIROS RETROMODULATOR UNIT
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VACUUM TEST CHAMBER CONTAINING

MODULATOR SUBASSEMBLY

FIGURE 5.

MIROS MODULATOR SUBASSEMBLY

FIGURE 4.



FIGURE 6. OPTICALLY CONTACTED MIROS CENTER DISCS
WITH SUPPORT RINGS
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DEEP-SPACE LASER ACQUISITION AND TRACKING*
Nio w1

Martin J, Gould
Northrop Space Laboratories

This paper gives some of the highlights and summarizes the results of
a 6-month study performed by Northrop Space Laboratories for NASA Manned
Spacecraft Center on Deep-Space Laser Tracking and Acquisition (1] . Acom-
plete account of this study is contained in a 300-page final report of the work
completed in November 1964, This paper is drawn from this final report, but
modified to incorporate technological advances brought to light since then. The
objectives of the study were as shown in Figure 1.

Although the study was oriented toward optical space communications,
we restricted the investigation to the problem of laser/rf acquisition and track-
ing for possible future manned space missions.. The major preliminary prob-
lems were the selection of likely missions and the study of occultations and '
switchover problems for various possible communication link configurations.

The ultimate goal of the study was to uncover R&D requirements in the
spirit of the Optical Technology Satellite Program. For this purpose, a con-
ceptual design for a laser/rf acquisition and tracking system was evolved,
making use of both present and projected state of the art in lasers, optics,
electro-optics, laser pointing, as well as rf tracking,.

The various communications links considered are shown in Figure 2:

1. the direct link from earth to Manned Deep-Space Vehicle,

* This paper summarized work performed under NASA Contract 9-2769 under
the technical direction of Mr. W. Thompson, NASA Manned Spacecraft Center,
Houston, Texas. Practically all of the material was drawn from the final
report of that contract and thus represents contributions from a number of
personnel at Northrop Space Laboratories as named in the final report.
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2, the use of a lunar relay stations,
3. the use of an earth satellite relay station.

(The lesser problem of communication between two nearby deep-space vehicles
was also considered.)

The first objective of the study was to consider the relative basic merits
of these configurations as determined from consideration of hypothetical (but
typical) missions to Mars and Venus. Some of the missions considered are
shown in Figure 3. Here we have three Mars missions with the trajectories
projected into the plane of the ecliptic. The ground rules followed in picking
these typical trajectories were as follows: '

1. to launch near the Mars opposition, which occurs on February 25,
1980, _

2. to observe range safety constraints at Cape Kennedy,
3. to have a 30-day launcI} window at earth,

4, 'to‘ have a 10 —(iay launch window at Mars,

5. to stay at Mars at legst 10 days.

The 1980 opportunity was chosen because it was estimated to be the
time of the first manned orbiting or landing excursion to Mars. To keep the
total mission time reasonably short, a high-energy trip was assumed., This
produced mission times that ranged from 1 to 1.5 years as shown in Cases 1,
2, and 3.

The launch point for all three cases was assumed to be at the same point
and time (JD 244 4180 on the Julian Calendar or November 3, 1979).

Here we see the earth orbit; the Mars orbit; and the various MDSV
orbits for Case 1 with a 20-day visit to Mars and returning to earth after 420
days; Case 2, also a 20-day visit and returning to” earth after 380 days; and
Case 3, returning after a 340-day visit. Note that Cases 1 and 2 will pass
within the orbit of Venus on the return trip. This near approach to the sun
could have serious effects upon the men in the vehicles, due to both thermal
and particle radiation, unless they are adequately protected., Note also the low
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angular rates involved in the outward journey, and the somewhat faster angular
rates on the return journey.

Case 1, the 420-day mission, was studied in greatest detail, and the
occultation and switchover studies that preceded the conceptual system design
were based on it.

Figure 4 shows the results for three Venus missions. Here again all
launches were from the same point and time (JD 244 4340 April 11, 1980). The
total mission times were 420, 300, and 200 days, respectively, for Cases 4, 5,
and 6.

I indicated earlier that one of the principal objectives was the selection
of the most appropriate communication link configuration between direct earth
to MDSV, use of lunar relay, or use of earth satellite relay. The most important
criterion in making the selection concerns the matter of how many times the
communication link will be obstructed by earth, moon, or clouds during the
course of the mission. Each time an occultation occurs, it is necessary to
switch over the communications to another terminal. Each such switchover
amounts to a reacquisition; and with light transit time of 20 minutes round trip,
this can interfere with reliability severely. For example, in a cloudless earth
three stations, suitably distributed, are required to maintain a direct link at
all times of the Case 1 Mars mission. Three switchovers per day for 420 days
amounts to 1260 switchovers during the course of the mission.

Figure 5 shows the great advantage of the earth satellite relay in this
respect. It can be seen that an MDSV traveling in the ecliptic plane and com-
municating with an earth satellite relay can avoid occultations altogether if the
altitude of the satellite is high enough and it is in a polar orbit. Successive
portions of the line-of-sight are indicated by AA', BB', CC', and DD’,

Early in the mission a satellite at 7408 km (4000 n. mi. ) would be oc-
culted by the earth for a part of its orbit as indicated by the dotted line 0,
whereas’a satellite at 14 816 km (8000 n. mi.) or greater would not be occulted.
Later in the mission at BB', the situation could improve fo the point that a
satellite would not be occulted by the earth for any altitude of the satellite.
However, still later in the mission at CC', a 7408-km (4000-n. mi.) satellite
would be occulted by the earth, but again the 14 816-km (8000-n. mi.) satellite
would be clear. During the final stages of the mission, during the return to
earth at DD', this situation would deteriorate even more for the 7408-km
(4000-n, mi. ) satellite, but the 14 816~-km (8000~n. mi.) satellite would be
still in the clear.
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The Northrop study found from computer studies that for a satellite in a
circular, polar orbit at an altitude greater than 14 816 km (8000 n, mi. ), zero
switchovers would be required,

To lessen the reliability requirement imposed on a single satellite relay
to operate throughout the entire mission, consideration also was given to the
possibility of sharing the mission support time between two satellites at lower
altitudes. It was found that this could be done with two circular polar -orbiting
satellites, one at 555.6 km (300 n. mi.) and the second at 6852, 4 km (3700
n,mi, ), each required to operate reliably for 210 days. .

An interesting alternative to sharing the mission time is to have the two
satellites share the total change of celestial longitude during the mission, This
leads to a requirement for two polar orbiting satellites at 2222.4 km (1200
n.mi, ), one required to operate for 313 days and the other for 138 days.

The occultations for a lunar relay are somewhat similar to those for a
cloudless earth, .. since a lunar tracker will experience alternately two weeks
of viewing and two weeks of occultation, This suggests that two lunar stations
would be required to avoid occultations. - However, the librations of the moon
would lead to periodic occultation of at least the moon-earth link. Theréfore -~
three lunar stations are required. The number of switchovers is 1/30 that of
the earth, so the number of switchovers range from 20 (Case 6) to 70 (Cases
i and 4).. Although this is a considerable improvement over the number re-
quired for the direct earth~link, the logistics of establishing and maintaining
three lunar stations is formidable.

Figure 6 summarizes these and other considerations that led to the
selection of the earth satellite relay configuration. We have already covered
the switchover requirements for the various configurations indicated in the
first row. Because approximately 50 percent of the earth is covered by clouds,
it can be shown that four redundant stations are required for each of the three
ground optical tracking stations, or a total of 15 stations. The lunar relay
and the earth satellite relay would require only existing or planned rf stations
on the ground. For stabilization and pointing of the tracker, the earth and the -
moon have a decided advantage over the relay satellife. However, this is
somewhat offset by the adverse effects of the earth's atmosphere.

The logistics cost of the direct link stations are low if we ignore costs
other than the optical trackers, but they are objectionably large otherwise.
Lunar stations are excessively high in cost compared to an earth satellite
relay. From a reliability and maintainability point of view, the earth station
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is best; but with expected advances in reliability of earth satellites and their
components, this may not be significant in the future. We therefore selected
the earth satellite configuration as the basis for our conceptual system design
with a limited direct link system as a back-up system. The latter must be
weighed against the use of the basic rf system as back-up.

Figure 7 indicates the general features of the conceptual system design.

1. From what has been said before, our choice is clearly for a circular
polar orbiting earth satellite at an altitude greater than 14 816 km (8000 n. mi.).
Although two satellites at lower altitudes can be used with less individual re-
liability requirements, the higher altitudes make it possible to avoid earth
background problems.

2. The past achievements of the DSIF make it a fundamental baseline
to any laser system. The ability to reestablish track lost for any reason, at
any point of the mission, is mandatory. Therefore the system must be capable
of advancing from rf to vernier laser track at all times.

3. In our original system, the astronaut made the coarse optical
acquisition by means of a sighting telescope pointed at the sun-illuminated
earth. In view of the improved rf tracking acc¢uracy demonstrated in the
Mariner, the system now relies completely on rf for coarse acquisition and
restricts the use of the astronaut to monitoring and emergency override of the
rf pointing commands.

4. Northrop's star point trackers have been used for many applications
requiring stellar reference. However, successful use of the image tube tracker
in other tracking applications led us to consider it for the conceptual system
design. When used with a pulsed laser system, the image tube is attractive
for reacquisition because it can determine direction without the necessity of
centering the point image, even at low pulse repetition rates. At high pulse
repetition rates, or cw, it has the advantage of integration of signal inherent
in its operation. It is also attractive from the point of view of providing
multiple star reference. The image tube is ideally capable of 1-arc second
tracking or better.

5. Preliminary studies of present and projected state-of-the-art
studies led to the selection of a 10-joule un-Q-spoiled, 1-pulse-per-second
laser. Final decisions as between pulsed and cw systems remain to be deter-
mined by basic communication philosophy; i.e., will information be transmitted
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intermittently in bursts or continuously? Bradley and transit time errors re-
quire differential pointing between transmitted and received signals at any
station.

6. The MDSV would employ a 2-axis gimbal system for pointing and
the earth satellite relay would rely on vapor jet stabilization [ 2] and pointing.

Figure 8 shows a simplified block diagram of the conceptual s ystem.
The right side is the MDSV transmitter-receiver, and the left side is the
earth satellite transmitter-receiver. They are essentially mirror images of
each other--optical transmitter, servo control, servo electronics on the earth
satellite and vice versa. The initial pointing command comes from the DSIF
here at the MDSV computer and here at the earth satellite computer. The as -
tronaut and his override capability are indicated at the top of the MDSV block
diagram. The communications system is shown in dotted lines to indicate that
it is a completely separate system in this design.

Now let me indicate the general nature of the acquisition procedure with
the help of Figure 9.

i, The earth;-based_ rf tracking (DSIF) will proy:id'e the initial pointing
commands to an accuracy of + 5 arc seconds from the MDSYV to the relay and
with an accuracy of 2 to 20 arc seconds from the relay to the MDSV.

2. The astronaut monitors the entire acquisition process, but can also
make emergency acquisition with his sighting telescope pointed at the sun-
" {lluminated earth as a point of reference.

3. The astronaut aboard the MDSV pulses the 10-arc second laser beam
that illuminates the relay satellite.

4. The earth satellite receiver, previously pointed by the DSIF, ac-
quires the MDSV within its 40-arc second f,o0.v. and tracks to an accuracy
of approximately 1 arc second using a 50,8-cm (20-in.) optical system.

5. A quasi-boresighted 3-arc second laser beam illuminates the MDSV,

6. The MDSV tracker now tracks this laser beam within its 10-arc
second f.o0.v. to accuracy of 1 arc second.
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As shown in the final report, corrections for transit time errors of up
to 20 arc seconds must be incorporated into these tracking loops, This system,
employing only moderately small laser beamwidth, produces adequate energy,
and the small f.o0.v. in the receivers permits the MDSV tracker to see the
earth satellite laser without earth background radiation interference. For the
laser above, about 10° photons per pulse are collected by a 50.8-cm (20-in,)
receiver 1.6 x 108 kmd (10® mi ) away. The laser communication system can
now operate within the tracking accuracy of the system.

If the cw communication system requires 0. 1-arc second tracking, the
system described would require further advances in the state of the art.

Time does not allow discussion of the state-of-the-art studies per-
formed in lasers, detectors, and other components that form the basis for the
conceptual design., However, I would like to point out some of the limitations
of the present state of the art.

1. In gimbal pointing, radial play uncertainties in ball bearings can
cause angular uncertainties of + 4 arc seconds. If radial play is reduced,
‘bearing friction becomes a limiting factor. However, both fluid and gas
bearings are presently achievable, and, under conditions of weightlessness,
the friction and gimbal deflection problems can be overcome. '

2. Present angular readout by two-speed synchros are limited to
about 3 arc seconds.

3. One year lifetime for 10-joule lasers pulsed 1/sec will require an
advance in the state of the art.

4, Advances in available pulse repetition rate will increase the system
sensitivity because of integration inherent in the image tube. Higher pulse
rates may require smaller energy per pulse and this would require smaller
beamwidth, which, in turn, would impose the necessity of better pointing
accuracy.

5. The ability of an image tube to generate precise error signals is
limited by the nonlinearity of the sweep voltages into the deflection coils,
Present state of the art is about 0.1 percent,

Drifts in image tube power supplies can also limit resolution,
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Because the various parameters are so interrelated, it is clear that

advances in all of them are not necessary to produce a feasible system. Almost
any two of them would suffice.

In conclusion, because deep-space manned missions are somewhat in the
future, the prospects seem optimistic for attaining the required technological
advances within the available time scale,
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@ STUDY LASER/RF ACQUISITION & TRACKING REQUIREMENTS
OF FUTURE MANNED DEEP SPACE MISSIONS

@® STUDY SWITCHOVER, GROUND STATION, ACQUISITION &
TRACKING PROBLEMS FOR VARIOUS SPACE MISSIONS &
COMMUNICATION LINK CONFIGURATIONS

@ EVOLVE CONCEPTUAL DOESIGN BASED ON PRESENT &
PROJECTED S OF A

@ EVALUATE SYSTEM & EVOLVE R&D REQUIREMENTS FOR
OPTICAL TECHNOLOGY SATELLITE PROGRAM

FIGURE 1. OBJECTIVES OF 6-MONTH STUDY
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FIGURE 2. DEEP-SPACE LASER ACQUISITION AND TRACKING
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FIGURE 4. TYPICAL VENUS TRAJECTORY
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EARTH-BASED RF-TRACKING TO PROVIDE INITIAL
POINTING_COMMANDS * 5 SEC FROM MDSV TO RELAY AND
2 TO 20 SEC RELAY TO MDSV

2 ASTRONAUT MONITORS TRACKING AND CAN MAKE
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3 ASTRONAUT ON MDSV PULSES 10 SEC LASER BEAM
WHICH ILLUMINATES RELAY SATELLITE

4 RELAY TRACKER (40 SEC £ O.V.) TRACKS LASER: \$EC
5 LOCKED 3SEEC LASER (ON RELAY) ILLUMINATES MDSV
6 MDSV TRACKER (10 SEC F 0. V) TRACKS LASER TO'ISEC

FIGURE 9. ACQUISITION PROCEDURE
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LASER OPTICS TECHNIQUES

Morley S. Lipsett
Perkin-Elmer Corporation

Steps leading from laser promise to laser practice are under investiga-
tion in the Laser/Optics Techniques program Perkin~-Elmer is conducting for
NASA. Many people have already stressed the promise that lasers hold for
high-channel-capacity space communications. The properties of lasers that make
for this promise are well known, i.e., the high degree of spatial coherence that
evidently makes practical extraordinarily great antenna gain, and the extremely
narrow optical bandwidth that lends itself to narrowband signal detection tech-
niques. The present program is aimed at studying some of the practical factors
influencing the design of a future space-worthy optical communication system
(0.C.8.). A realistic O. C.S. breadboard is being developed hand-in-hand with
experimental studies of the following areas: stability of laser beam intensity
distribution in the far field; remote boresight alignment of receiving and trans-
mitting optical channels; isolation of the transmitter channel from the receiver
channel; determination of a rotational coordinate reference -system about the
line of sight; and implementation of fine guidance tracking and pointing offset
capabilities.’ : : T B Co ' '

The system breadboard employs a 40.64-cm (16-in.) aperture
diffraction-limited telescope and is based on a one-half scale version of a design
outlined in the Phase II OTS report. A Helium-Neon laser functions as the
space-borne transmitter, and the guidance optics and detectors are designed
for use with a distant argon-laser beam.

A typical layout of the breadboard equipment is shown schematically in
Figure 1. An aplanatic Cassegrainian telescope is common to both the trans-
mitting and the receiving optical channels. Channel separation is effected
primarily by the dichroic mirror shown in the figure, although the details of
obtaining adequate separation are somewhat more complicated and will be
discussed in a subsequent section of this paper.

The optical design employs a movable collimating lens for guidance and
tracking purposes. By means of the dichroic mirror and two additional lenses,
two accurately conjugate /70 images are formed at the nose of the fine-guidance
prism and at the transmit laser field stop respectively. This arrangement insures
that the transmitted laser beam is exactly collinear with the incoming beacon
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light. The transmitted laser beam can then be offset from boresight as needed
for the point-ahead function either by the Risley Prism shown in Figure 1 or by a
lateral translation of the lens preceding the laser field stop.

Photographs of the experimental hardware are shown in Figures 2
through 4. The first of these is a photograph of the 40. 64-cm (16-in. ) aperture
telescope structure and shows how it is arranged as a detachable subassembly
of the optical bench. Another view of the telescope is shown in Figure 3, which
also shows equipment being used to test the transmit-receive isolation properties
of specially fabricated dichroic mirrors. The object in the right foreground is
a 10-mW Helium-Neon laser, and the black box in the left foreground is a thermo-
electrically cooled photomultiplier housing. Figure 4 shows a typical test set up
in which the image-transfer optics may be identified as the black cylindrical cells
held in the three-axis adjustable mounts. The object in the right foreground is
a test autocollimator that was used to try out a method (now superseded) for
remote alignment,

A cross-sectional view of the felescope is shown in Figure 5. The
secondary mirror is supported at the end of a remote focusing drive assembly,
visible in Figure 2, which is electrically driven and imparts an extremely fine .
" control over the telescope focus without otherwisé affecting the mimror alignment.

Calculations of signal power received on earth from an optical communi-
cations system located in deep space generally assume diffraction-limited con-
centration of light in the transmitted beam. The practical extent to which this
degree of concentration can be stably achieved has been investigated by meas-
uring the beam intensity distribution and fluctuation characteristics in the far
field of a typical high-quality gas laser.

An experiment was sef up to assess the magnitude of intensity fluctuations
in the far field of the Helium-Neon laser shown in Figure 3. By studying the far
field, the results relate directly to the beam characteristics of an optical com~
munications system located in deep space._ The laser was operated in the lowest
order transverse mode (TEM,,) at 6238 A, As shown in Figure 6, the laser
beam was focused to its diffraction-limited spot (its far-field pattern), which
was then magnified by a short-focal-length lens and imaged onto a distant screen.
This arrangement produced a conveniently large image of the far-field pattern
for the subsequent measurements. '
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The principal observations were as follows:

1. The diameter of the far -field pattern was in agreement with diffraction
theory. Measurements of the diffraction spread of the laser beam corresponded
exactly with the 3-mm bore diameter of the plasma tube,

2. Neither intensity fluctuations within the far-field pattern nor gross
lateral motions of the entire far-field pattern were observable visually.

3. Using flexible fiber optic light pipes as probes, the intensity of the
light at different points in the far-field pattern was detected by photomultipliers.
The photoelectric signals were recorded with a 100-Hz bandwidth, and the
fluctuations were measured. The absolute magnitude of the fluctuations was
approximately constant across the whole far-field pattern and had an rms value
of between 0. 5 percent and 1 percent of the maximum intensity in the center of
the pattern, This was only slightly more than the relative magnitude of fluctua-
tions appearing in the entire laser ouiput measured in the near field.

4, There was close cross~correlation of the intensity fluctuations at
different points of the far-field pattern with respect to each other and with
respect to the intensity of the enfire laser beam. When the laser output power
was reduced (by increasing the mirror spacing of the near- hemlsphemcal
resonator, which produces higher diffraction losses) the intensity fluctuations
increased considerably.

5. When the output of the photomultipliers was observed with a band-
width of 104 Hz, the intensity fluctuations in the far field were found to be only
slightly increased as compared with the 100-Hz bandwidth ocbservations. The
effect of further increasing the bandwidth to 10° Hz was merely to raise the level
of the shot noise to a comparable magnitude.

From observations 3 and 4 we may infer that the sources of the fluctua-
tions are predominantly smaller than the width of the cavity mode and are sta-
tistically independent. The majority of the observed fluctuations probably stem
from dust particles floating into the resonant path between the Brewster angle
windows and the laser mirror and floating also into the near-field region of the
laser beam.

We are therefore able to conclude that, provided the gas laser operates
in a fundamental transverse mode, the laser beam does not exhibit spatial
fluctuations of sufficient magnitude to be detrimental to a deep-space optical
communications system. Intensity fluctuations sampled at various regions in
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the far field of the laser beam were found to be typically less than 1 percent,
and this amount will not appreciably degrade the S/N of a communications chan~-
nel.

A synopsis of the present approach to the problem of remote alignment
and focus of the optical system is as follows: It can be shown that on account of
the large f number of the image transfer optics, the entire optical system can
be focused by moving the telescope's secondary mirror and holding the spacing
of the rest of the optical elements fixed with respect to the primary mirror,
Correct focus can be obtained by monitoring the signals from the fine guidance
sensors while the telescope is tracking the earth beacon (effectively a point
source). To aid this function, the tracking servo can be dithered slightly.
Optimum focus then corresponds fo maximum loop gain at the dither frequency,
a condition that is easily monitored. It corresponds at the correct focus to
minimum dither-induced transfer lens velocity. This is a technique used by
Perkin-Elmer in Stratoscope II.

Accurate boresight of the receiver and transmitter channels is not dealt
with so easily. Here the best approach is one that uses the least number of
additional components. It should also be compatible with the channel isolation
requirements and be simple in concept. Figure 7 illustrates one method that
meets these criteria. A dichroic mirror is used to pass blue light from an
auxiliary source and illuminate the laser field stop. A shutter retracts from in
front of two mirrors arranged to reflect light passing through the main dichroic
mirror, and an image of the field stop is formed near the nose of the fine-
guidance beam dividing prism. This image is in blue light that is passed by the
"spike' pre-detection filters. It is detected by the photomultipliers just as
incoming beacon light. Boresight alignment is obtained when the laser collimat-
ing lens (or a Risley Prism) is adjusted to make the image of the laser stop
divide equally among the four fine~guidance photomultipliers. It can be shown
that all mechanieal tolerances are quite reasonable for this alignment approach.

The key to using common telescope optics for both the receiving (beacon
guidance) function and the transmitting function of the spaceborne O, C. 8, is
effective channel separation. The problem can be stated as follows: how can
the guidance photomultlphers be quantum noise or dark current limited at
4880 A and 5145 A in the presence of scattered light at 6328 A from the neighbor~
ing high-power HeNe laser fransmitter?

By following the optical paths in Figures 1 and 7 it can be seen that the

principal source of scattered HeNe light is the main dichroic mirror. If this
mirror can be made highly reflective to 6328-A light and highly transparent to
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4880-A and 5145-A light, and if subsequent optical surfaces leading to the photo-
multiplier are given similar coatings, then the isolation problem can be solved
in a natural way. To this end we are developing special dielectric dichroic
coatings that currently are capable of especially high. reﬂectnflty at 6328 A and
80 percent transmission at the argon lines. In addition, the substrates for these
coatings are being fabricated by special techniques that reduce surface scatter
to negligible proportions.

Results to date indicate that this approach will not attenuate the sensitivity
of the guidance photomultipliers to argon light by more than 50 percent yet it
will attenuate their sensitivities to the HeNe light by as much as 140 dB!

If a diffraction-limited laser beam is to intercept a given earth station
16% km (108 mi) or more away, then it must be hiased forward from the apparent
line of sight with an earth beacon. The correct aim of the transmitter may be
specified by two coordinates; one describing the magnitude of the forward bias
angle or point-ahead angle, and the other describing the rotational orientation
about the line of sight. An angular reference known to the earth station and
available at the spacecraft is needed so that the rotation angle about the line of
s1ght (RLOS) may be determmed ‘

Methods of RLOS determination have been analyzed that rely upon sensing
"the plane of polarization of the incoming beacon light, Figure 8 shows the re-
sults of typical signal-to-noise calculations and is based on fairly optimistic
parameters. As may be seen from this figure, the signal-to-noise ratio avail-
able as a function of range falls to below unity at about 16 x 10 km (10 x 10% mi).

Another method has been studied and is illustrated in Figures 9 and 10.
Two coherent beacons are employed in such a way that the beams are super-
imposed at the spaceborne receiver and form parallel interference fringes. The
orientation of the fringes may be detected by the scheme shown in Figure 10,
thus yielding an RLOS reference. This turns out to be an extremely powerful
method at inftermediate ranges of less than a few million miles. Its practical
limit is about 80.5 x 10% km (50 x 108 mi) and is set mainly by the required base-
line separation of the beacons.

Calculations, such as were carried out, all tend to show that at 161 x 10%-
km (100 x 10%-mi) ranges the necessary signal-to-noise ratio for the required
RLOS accuracy cannot be met conveniently without resorting to an auxiliary
subsystem. It has been shown, however, that if for example a Canopus-seeking
star tracker is employed for this purpose these requirements can be met without
difficulty.
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Progress in this area is best summarized by reference to the earlier
figures. R T

Breadboard apparatus is being constructed with precise beam guidance
based on equipment and techniques developed in the Stratoscope H project. In~
stead of steering fhe line of sight toward a star, the Laser/Optics Techniques
approach will steer the line of sight toward a man-made star -- i.e., an argon
beam on earth.

This paper is an interim description of analytical and experimental work
in progress on the Laser/Optics Techniques program. This program is clearly
demonstrating in the laboratory the suitability of lasers and high-quality optics
for deep-space communications. Breadboards of working subsystems are taking
shape, and experiments at performance levels suitable for deep-space optical
communications are being conducted with the hardware.
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PHOTOGRAPH OF OPTICAL BENCH SHOWING TELESCOPE SUBASSEMBLY

FIGURE 2.



VIEW OF OPTICAL BENCH SHOWING EQUIPMENT FOR MEASURING

ISOLATION PROPERTIES OF TEST DICHROIC COATINGS

FIGURE 3.

117



FIGURE 4. VIEW OF LABORATORY EQUIPMENT USED TO
INVESTIGATE ALIGNMENT TECHNIQUES
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ACTIVE OPTICS FOR LARGE ORBITING
ASTRONOMICAL TELESCOPES

Hugh J. Robertson
Perkin-Elmer Corporation

An orbiting diffraction-limited version of the 50.8-cm (200-in.) Hale
telescope high above the earth's atmosphere is many an astronomer's dream
(Fig. 1). The advantages to be gained by a large-aperture orbiting astro-
nomical telescope over a ground-based telescope are many.

For astronomical research, one advantage is the ability to sense
radiation other than visible light and radio waves, which cannot penetrate the
atmosphere--the gamma rays, x rays, ultraviolet, infrared, and long radio
waves. Another advantage is the possibility of achieving the full diffraction
limit of resolution for a large mirror. For ground-based telescopes the
resolution of large mirrors has been limited well below the diffraction limit
by two major effects. The first of these is atmospheric turbulence, ‘which -
has limited the resolution obtainable up to now to 0.3 arc seconds. This is
the diffraction-limited resolution of a 30,48 -cm (12-in.) telescope. The
second limiting effect is the strain imposed on a large mirror and its
supports by the force of gravity as the telescope is pointed in different di-~
rections, strains which distort the mirror figure and limit the size and light
gathering capability of earthbound primary mirrors.

The realization of wide spectrum reception and freedom from the
effects of atmospheric turbulence are obvious advantages to be gained by
simply lifting a telescope above the earth's atmosphere. Orbiting a telescope
into a zero-gravity environment however does not automatically solve the
problems of obtaining and maintaining a perfect mirror figure, and it is
toward the solution of these problems and the problems associated with the
launching of a large telescope that the proposed "Active Optics' system is
directed. -

The difficulties involved in obtaining a large-aperture orbiting tele-
scope are primarily imposed by gravitation and temperature effects. The
influence of gravity is felt in two ways. First it sets practical limits on the
weight of a mirror that can be launched. This in turn sets limits on the
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thickness of a mirror of any given diameter that can be orbited. The thickness
and diameter of the mirror determine its rigidity and affect the amount of
flexure that can be expected when a mirror is figured and tested on the ground
and then used in a zero-gravity environment.

Temperature variation in a large mirror can introduce serious problems.
A very small difference in temperature from front to back of a large mirror
can produce a change in focus that is not too serious if the temperature differ-
ence is uniform across the mirror. If a small variation in this temperature
difference exists across the mirror, however, the effects on resolution can be
considerable.

Let me describe the Active Optical System and how it proposes to meet
some of the difficulties just mentioned.

The Active Optical System makes use of a primary mirror composed of
T individual mirror segments (Fig: 2). These ségmeints areto bepositioned
and the configuration of the composite surface is to be maintained by precise
actuators capable of making displacements of less than a micro-inch. The
actuators are to bepart of a closed-loop control system that will operate from
signals originating from the interference phenomena generated by a sensing
system that can continually monitor the surface orientation of the mirror seg-
ments. The proposed sensing system will be located near the center of curva-
ture of the primary mirror and will consist of laser and white light sources,
interferometers, and a means of converting the information provided by the
resulting interference fringes into usable electrical signals. An electronic
analyzer will interpret this information and produce signals to control the ac-
tuators as necessary for proper orientation of the mirror segments. The
actuators for each segment will be located so that the segment can be pivoted
around two orthogonal axes and translated in a direction normal to its surface. -

Let us consider some of the features of an Active Optical Telescope
System as described and their application to the problems imposed by gravi-
tational changes and thermal inhomogeneities.

For the same maximum allowable flexure, the individual segments of
the Active Optical System could be considerably thinner than a single large
conventional mirror, resulting in a significant weight reduction, For instance,
a 254-cm (100-in.) primary of fused silica eggcrate construction having the
same stiffness characteristics as that used in the Orbiting Astronomical
Observatory primary would weigh an estimated 1361 kg (3000 lbom). The
weight of a 254-cm (100-in.) segmented primary consisting of seven 81. 28-cm
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(32-in, ) -dia. mirrors would be less than 363 kg (800 lbm). A 10-m primary
of fused silica only 25 cm thick would weigh an estimated 49 896 kg (110 000 lbm),
A 10-m-dia Active Optical System could weigh less than 9072 kg (20 000 lbm).

Dr, Lyman Spitzer [ 1] in a paper on space astronomy has estimated that
a variation in front to back temperature difference across the mirror surface of
only 1072° K could produce a serious loss of resolution of a 10-m mirror 25 cm
thick, In an Active Optical System, the thermal uniformity requirement would
only he that for a mirror the size of one of its segments since each segment is
independently controlled and positioned to maintain the mirror figure including
corrections for displacement caused by thermal variations.

A further consideration is the ability of small mirror segments com -
pared to that of a large mirror to withstand the shock and vibration of launch,
not to mention the ability of a segmented primary to form a more compact pay -
load for assembly in space.

To evaluate the Active Optics concept for use in a spaceborne telescope
we have started on an initial program of experimentation using a 50.8-cm
(20-in. ) spherical mirror (Fig. 3). This mirror will be cut into segments
after figuring and used to demonstrate the proposed figure sensing and actuator
control techniques. The mirror surface configuration of thése segments will
produce an interference pattern at the output of the figure sensor interferometer.
Figure analyzer circuitry will produce an error signal when the interference
pattern shows a displacement of the segments from a spherical surface. This
error signal will be applied to the appropriate actuators to reposition the mir-
ror segments and reduce the error.

The investigation is proceeding along several different lines. First we
are trying to determine the optimum figure sensing technique. There are sev-
eral interferometer techniques to choose from, but an interferometer using
laser light is proving to be very effective for sensing fractional wavelength
displacements by the measurement of differences of interference phase across
the image of the primary mirror at the output of the interferometer. A funda-
mental difficulty appears here, however, since this technique allows one seg-
ment to be displaced relative to another along the axis of the system a relatively
large number of half wavelengths of the single frequency laser light used without
affecting the phase difference at the output of the interferometer (Fig. 4). This
phenomena, which we have been calling "integral wavelength ambiguity," does
not produce a variation in phase which can be detectied by scanning across a
segment, until several wavelengths of relative axial displacement exist. To
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resolve these ambiguities we are investigating several different schemes in-
volving white light and two wavelength 1aser interferometers,

Second, we are developing the electronic circuitry required to analyze
the figure sensor output and provide the error signal to operate the actuators.

Third, we have been investigating precise fractional wavelength actuators
to effect mechanical displacement of the mirrors. Some of the requirements
for an ideal actuator for this application are:

i. The ability to make reversible displacements of a small fraction of
a micro-inch., A fiftieth of a wavelength, which we would like to better, is
approximately 0.4 micro-inches. '

2. A large dynamic range. If mirror segment positions require an
initial adjustment of as much as 0. 0508-cm (+0, 020-in. ), the ratio of the
dynamic range to smallest step required is greater than 100 000 to 1,

3. Zero power requirement when displacements are not being made.

4, The ability to ma'inta;'n final position in the event of péwer failure.

5. The ability to operate in a space environment. For example, we
would like to avoid metal~-to-metal sliding parts requiring hermetic seals,

There are numerous possibilities to satisfy these requirements in
various configurations of piezoelectric crystal arrays, magnetostrictive de-
vices, electro-mechanical arrangements,and thermal and chemical actuators.

We have been developing several actuators using magnetostriction for
their displacement force. These actuators satisfy most of the requirements
listed; however, we have found it difficult to achieve the less than a micro-inch
displacement required without supplementing them with a motion reducing lever
arm.

The components of the system described are being developed as Phase
I of this effort. In Phase II, we will attempt to combine them into an automatic
control system with the objective being to align our segmented 5.08-cm (20-in, )
mirror to within one twentieth of a wavelength of the desired figure.

We are confident that the Active Optics approach will prove to be an

effective one for large-aperture orbiting astronomical telescopes and that it
may find application in large ground-based telescopes as well,
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FIGURE 1. ACTIVE OPTICS ORBITING ASTRONOMICAL TELESCOPE
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HIGH FREQUENCY PHOTODIODES- , .

R. B. Emmons
G. Lucovsky
Philco Applied Research Laboratory

Photodiodes of the pn junction type are discussed as detectors of rapidly
modulated light. Transit time effects limit the frequency response to about 20
GHz. To prevent RC effects from degrading this frequency response, diode
areas in the order of 107 to 10~3 cm? are required. At high frequencies the
signal and noise power output levels of a photodiode are low. The effect of
avalanche multiplication, a suggested remedy, on photodiode frequency response
and noise output power is discussed. Design and performance data for high
speed, nonavalanching photodiodes are given.

The geometry of pn junction photodiodes is the same as that of solar
cells or nuclear particle counters and is shown in Figure 1. Impurity diffusion
is commonly used to produce the pn junction. Electron-hole pairs are created by
the internal photoelectric effect in the semiconductor to a depth of the order of-

"1/a cm, .where « is the absorption coefficient at the wavelength of interest.
These pairs must be separated before a photocurrent appears in the "external
circuit. The separation is accomplished by drift in the field of the pn junction
for those pairs created in the junction region. Those pairs created outside the
junction must diffuse to the junction before separation can occur. These trans-
port processes, as well as RC effects, limit the frequency response of the
diodes. As a result of its RC characteristics, the signal and noise power levels
at the photodiode output are low at high frequency. Use of the photodiode in the
avalanche breakdown region of its I-V characteristic has been suggested as a
remedy for this difficulty. The creation of additional charge carriers in the
junction region by avalanche multiplication may, however, increase the time
required to separate the charge and may also result in additional current
noise.

These limitations on photodiode performance will be discussed briefly,
and the results of their application to common semiconductor diode materials
will be presented.

The characteristic time required for pairs generated in a p region, whose

thickness is W_, to diffuse to the junction is given by the width of the p region
divided by the diffusion velocity [ 1]
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W W
Taiff ~ 2.43 D_ = %.43v° (1)

This relation is true only if the conditions for good dc response are met, if the
resistivity of the layer is uniform, and if the minority carriers are injected in
the layer (a — «), but it remains a good approximation for reasonable variations
on these initial conditions.

Care must be exercised in applying this relation to high-mobility II-V
semiconductor photodiodes, in particular InSb. The diffusion velocity Dy/ Wp
is limited above by the saturated drift velocity vg, as indicated in equation (1).

The time required for pairs to be separated by drift in the juncfion field
is given by the width of the junction region, Wj, divided by the saturated drift
velocity [ 2]

W1

Tdrift 2.8 v @

This expression is strictly true only for a constant junction field and injection
of the electrons into the junction, but it remains a good approximation for
reasonable variations on these initial conditions.

The lumped constant electrical characteristics of a photodiode also
affect its bandwidth and determine the power available from the photodiode (Fig.
2).

The power available from the diode may be characterized by the power
available in a conjugate matched load, which is given by [ 3]

IR,
(3)
2 2
4(1 + RS/RO + RS Roco (.Om

P(wm) =

where I is the light-generated diode current and wy, is the frequency at which
the diode is conjugate matched. This relation indicates that the diode series
resistance limits the magnitude of the power available at high frequencies.

For an arbitrary load, the available power-bandwidth product has an
upper limit given by [ 4]
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[ P(w) dw = n1¥/2C,. (4)
0

This relation indicates how the junction capacity limits the diode performance.
Within this limitation, it is possible, in principle, to load the dicde in such a
way as to obtain any output power and bandwidth characteristic desired. How-
ever, a close look at the combination of these two limitations quickly shows that
reasonable fractional bandwidths can be obtained at high frequencies only at the
expense of available power in the load. Since the detector noise power output
varies with frequency in essentially the same manner as the signal power,
operation at high frequencies does not reduce the detector signal-to-noise ratios,
but the reduction in the absolute values of both the signal-and-noise power at the
diode output does make it difficult to obtain a following amplifier that does not
degrade the detector performance.

The use of the current multiplication obtained when a diode is back-
biased into avalanche breakdown has been suggested as a means of raising the
signal and noise power levels at the diode output [5]. The experimental evidence
for the usefulness of avalanche multiplication is limited. It is clear, however,
from junction transport theory that the effect of multiplication on diode band-~
width and on thé diode current noise cutput power depends critically on whether
charge carriers of one sign are responsible for the multiplication or whether
both carriers share equally in the multiplication process. If one carrier is
responsible for the multiplication, the transit time is insensitivie to the multi-
plication [6]. Figure 3 shows a typical calculation of frequency response when
one carrier only is multiplying. If both carriers share equally in the multiplica-
tion, then the transit time is directly proportional to the multiplication [ 6, 7] .
Figure 4 is the calculated frequency response of a simple diode when both
carriers multiply equally. Figure 5 is a plot of the 3-dB bandwidths from
Figure 4 as a function of multiplication, showing the linear dependence of transit
time on multiplication. The transit time is given by

MWI

1.driﬂ: - 3v
s

It was first thought, and measurements indicated {8, 9], that the ava-~
lanche process would multiply the signal and noise power levels equally.
Theory now indicates that this is true only if one carrier is primarily responsible
for the multiplication. If both carriers multiply, the noise power should grow
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faster than the signal power [10, 11]. Recent measurements [12] on both Si
and Ge diodes indicate that this is the case. Failing the development of a diode
material in which one carrier is primarily responsible for avalanche multiplica-
tion, this technique appears to have limited value.

The processeés that limit the frequency response of a photodiode have
been indicated. The, design of nonavalanching photodiodes may now be considered
in the light of these limitations. Consider first the transit times. In deciding
whether diffusion or drift is the more important of the two transport mechanisms,
the value of the absorption coefficient is the determining factor. If the absorp-
tion constant is greater than 10* cm~! in the wavelength region of interest, most
of the incident light will be absorbed in the p-type layer. This is the case with
direct gap semiconductors, whose absorption constant drops very abruptly from
values greater than 10 ecm~! at the wavelength corresponding to the band gap of
the semiconductor. Diffusion of the carriers to the junction then will be the
limiting process. Because it is always desirable to have the junction width as
large as possible, Wy is made just large enough so that drift of the carriers
across the junction does not introduce an additional transit time delay.

If the absorption constant is less than 104 cm~! in the wavelength region
of interest, the fastest response is obtained by allowing as much of the light as
possible to be absorbed in the junction region itself. The p region, therefore,
again is made less than 10~* c¢m thick, and the junction thickness is made 1/«
cm thick., The limiting transport process in this case is then drift across the
junction region. This structure is useful for indirect gap semiconductors,
particularly silicon, whose absorption constant is low over an appreciable wave~
length range. The necessary wide junction regions can be obtained either by the
use of high-resistivity base material, or by epitaxial growth of PIN structures.
The PIN structure is best, since it eliminates the spreading resistance associ-
ated with a thick wafer of high-resistivity material. The shortest transit times
obtainable may be estimated from equations (1) and (2). The thinnest active
region from which light-generated carriers can be collected efficiently is of
the order of a few tenths of a micron. Saturated drift velocities in semiconductors
are of the order of 5 x 10 em/sec. Transport phenomena will then limit the re-
sponse times of efficient photodiodes to the order of 107 sec, or cutoff fre-
guencies to approximately 20 GHz.

Once the structure of the diode has been determined to suit the absorp-
tion constant and transport properties of the material, the diode area and
contact geometry are chosen so that, if it is practical, the RC response time
does not degrade the diode frequency response.
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Figure 6 contains a summary of the performance data on high-frequency
photodiodes fabricated in the authors' laboratory. The wavelength region in
which the diodes are sensitive, the diode areas, and typical values of the series
resistance Rg and junction capacity Cy are listed. The frequency response of
the diodes as calculated from Rg and C, and the transit time frequency response
as estimated from the diode geometry are also given. The thickness of the re-
gion that determines the limiting transit time is indicated. A comparison of
the RC response time and transit time for the diodes given in Figure 6 indicates
that a reasonable balance between transit time and RC time has been obtained
for most of the diodes.
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SOLAR-PUMPED MODULATED LASER

0 A
:

C. W. Reno IR
Radio Corporation of America

Solar pumping of a laser was first reported by Kiss, Lewis, and Duncan
at the RCA Laboratories early in 1963 [1]. As an extension of this work, DEP
Applied Research has developed and tested a solar-pumped laser with modulation
bandwidths sufficient for TV transmission. Stable operation has been demon-
strated with no noticeable degradation in laser performance over several hours
of operation.

A comparison of solar pumping and pumping by a broadband source, i.e.,
a tungsten lamp, reveals that solar pumping is attractive for spacecraft laser
systems. For example, to achieve a power output of 1 W, a laser pumped by a
broadband source in an "efficient" ellipse will require a lamp input power well
in excess of 1 kW. Solar cells providing this amount of input power would re-
quire about 9.29 m? (100 ft?) of active collection area. Add to this the disad-
vantages of weight, cooling requirements, and lamp replacement, and the solar-
pumped laser becomes quite attractive. It is expected that a solar-pumped
YAG:Nd3:*' laser using a 78, 74-cm (31-in.) parabolic mirror.collector with a -
focal length of 53,34 cm-(21 in.) will provide a 1-W power output in use on
earth at the present state of the art,

Under NASA contract NAS 9-3671 a solar pumping system was assembled
and three laser materials, CaF,:Dy?", YAG:Nd®", and YAG:Nd®*": Cr®", were
evaluated. These materials are attractive for solar pumping because of their
relatively broad absorption bands{ 2,3] (Fig. 1).

Most of the excitation for CaLFQ;Dy2+ occurs from pumping in the bands
from 5000 to 8000 A. This is well matched by the solar spectrum. As shown
in Figure 2, the laser transition in Can:DyH'takes place between two triply-
degenerate states, ITI(Z) (°lp) — Tz(z) (°;) . Laser output occurs at 2. 36 um.
This transition has a fluorescent linewidth of 0.3 cm™!at 77° K, the highest
feasible operating temperature because of thermalization of the lower laser
state and broadening of the fluorescent linewidth. For a magnetic field in the
[ 100} direction, the fluorescent line due to the allowed transitions splits with
an effective "g" of 9.6, corresponding to 4.5 x 1074 cm~1/gauss. Hence, the
fluorescent linewidth can be doubled using a 600-gauss field. In this fashion,
magnetic modulation is easily introduced | 4].
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Pumping in YAG:N&®t oceurs principally in sharp lines at 6000, 7500,
and 8000 A. These lines all lie well within the broad peak in solar energy
occurring in the visible and near infrared, making the sun quite a good pump
source for this device. The laser transition occurs from the *F;/, state to the
4111/2 state with a fluorescent linewidth of 2 cm~!, This relatively wide fluores-
cent linewidth and a low effective "'g" make magnetic modulation impractical,
The laser wavelength is 1, 06 um.,

With YAG:N&®*:Cr3*, pumping can be accomplished by either of two
mechanisms [ 3]:

1. The same fluorescent lines as for YAG:Nd**,

2. Cross pumping through the broad Cr® to the Nd** absorption bands
and the 3E state of Cr*" to the Nd®* laser state which Kiss [ 5] has demonstrated
to exist, However, there is a long transfer time (=1 ms) for energy transfer
between the 3E state of Cr®" and the Nd®" laser state.

Based on our tests of these materials the following major advantages
were found:

1, CaFyuDy*t
~a., Magnetic modulation can be used with this material, providing
ease in modulation to 300 kHz. No losses are introduced due to

external modulators.

b. Extremely low thresholds are possible due to the narrow laser
line of CaF,:Dy*".

2. YAG:N&*t

a. This material can be operated at 300° K (room temperature) as
opposed to 77° K for CaFZ:DyZ’*'

b. The laser output at 1. 06 um allows use of detectors, i.e.,
multiplier phototubes and silicon photocells, unusable with

CaF,:Dy*t,

c. The output has little spiking compared to CaF,:Dy*" and
YAG:Nd*t:crit,
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3. YAG:Nd&*:cr¥t
a. Lasing properties are the same as YAG:Nd*,

b. Broad absorption bands add greatly to the effective pumping
through efficient energy transfer. :

Thus it may be seen that for applications where cryogenic cooling is
unavailable or impractical one of the YAG laser systems must be used. Because
YAG:N&T:Cr?* exhibits a noisy output, YAG:Nd** must be used for modulation
experiments at this time. '

The experimental apparatus for solar pumping CangDyz*', shown in
Figure 3, includes a 78, 74~cm (31-in, )-dia parabolic dish { 53.34-cm (21-in,)
focal length] affixed to an equatorial mount and a cylindrical lens which extends
the solar image over a large portion of the crystal. The equatorial mount,
tracking with a clock drive, allows stable operation over extended periods.
Operation in excess of half an hour has been achieved with the principal diffi-
culty being a gusty wind,

The equatorial mount solar power is focused to a 0,47725-cm (3/16-in.) -
spot at the focus of the mirror. - The solar power as measured in tests has been
" found to be as high as 60 mW/cm?. Thus the 78.74-cm (31- m.) ~-dia mirror
collects 290 W; of this, 80 percentor 238 W is focused.

As Can:Dyz'*' is not a true 4-level laser system at 68° K, it is necessary
to pump as large a portion of the laser as practical to reduce absorptive losses
in the unpumped volume. In this experimental set-up, sub-cooled liquid nitrogen
was allowed to flow through the dewar that holds the laser at the focus of the
parabola. An InAs photodiode was used to detect the lasing output. Continuous
operation was achieved with about 30 percent ripple.

Amplitude modulation was achieved by placing the crystal in a varying
magnetic field [4]. The desired field was established by two coils (Fig. 4).
Coil A was activated using a dc current of about 10 A to split the laser line and
bias the laser off. Coil B was energized with 5-A, 5-usec pulses at the required
rate for modulation. Figure 5 shows typical modulation, Voice was transmitted
by using this technique and varying the pulse rate.

Because of the very broad pump bands added by the Cr3* cross pumping,
YAG:Nd&t:Cr* was expected to be the most efficient of the lasers tested. Un-
fortunately, this material had such a large ripple on its dc output that it was
unusable for electro-optic modulation.
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Continuous operation was easily achieved using the configuration of Fig-
ure 6. End pumping was chosen over side pumping because the small size of
the image is well matched to the crystal end. The side walls of the flow tube
are made reflective., This means that, neglecting the absorption of the crystal,
a uniform brightness is achieved throughout the length of the flow tube allowing
a long effective path through the crystal volume for the pump light. This allows
much greater absorption than for side pumping. As the Nd®* doped lasers are
4-level systems, inhomogeneous pumping does not degrade performance,
Threshold was 100 W collected by the mirror, or 25 W coupled to the crystal.
(Because of the mismatch between crystal and solar image, only about 25 per-
cent of the light is coupled into the laser crystal.) The laser was pumped using
the flow tube shown in Figure 7. This allows water to flow over the crystal sides
with complete access to the crystal end for pumping. Laser output is taken from
the end opposite the pumping end. An output power of 100 mW was observed for
this nonoptimized system.

Excellent continuous operation was achieved with YAG:Nd®" in confocal
ended crystals making the output "quiet" enough for modulation experiments,
although some spiking was observed. For a crystal 0,23876 x 3.810 cm
(0.094 x 1,5 in, ), the threshold was 100 W collected by the mirror, or about
25 W into the laser crystal. This crystal was operated using the same physical
set-up as the double doped YAG laser. Maximum power output achieved was
100 mW. ' . '

Electro-optic modulation was used to transmit the picture shown in Fig-
ure 8, About 40 percent modulation was achieved using a GaAs crystal and an
applied voltage of 600 V peak-to-peak.

Until recently good optical quality in large cubic crystals having large
electro-optic coefficients was unavailable. With the availability of large GaAs
crystals from RCA's Semiconductor Materials Research Group in Somerville,
N. J., this problem has been eliminated.

Figure 9 shows the major components of the optical communication sys-
tem. The polarizer permits light polarized in only one plane to reach the crystal.
As the plane polarized light passes through the crystal, it becomes elliptically
polarized, the amount of ellipticity varying as a function of the voltage applied
to the crystal. Since the analyzer transmits light polarized in only one plane,
the intensity of the light transmitted through the modulator varies as the rotation
of the polarization produced by the crystal, providing- amplitude modulation,
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One major problem arises: Piezoelectric resonances occur in the modu-
lator material below 1 MHz, Figure 10 shows this effect in the swept response
of a GaAs electro-optic modulator system. By using FM subcarrier modulation,

- the modulation spectrum can be shifted away from these perturbations, avoiding
signal distortion. This is the method used to transmit the picture in Figure 8.

It has been shown experimentally that solar-pumped modulated lasers
can operate efficiently and that modulation bandwidths in excess of 6 MHz can
be realized. Further refinements in the manufacture of laser crystals and
optimization of pump power collection systems are expected to make possible
practical communication systems employing solar-pumped lasers,
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FIGURE 6. SOLAR PUMPING APPARATUS IN CONFIGURATION
USED IN PUMPING YAG CRYSTALS
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OPTICAL SUPERHETERODYHE RECEIVER DEVELOPMENT ™

C. T Peters
R, F. Lucy
Sylvania Ll 1.:0311’(: Systems

Under this program the feasikiify of operation of an optical superhetero-
dyne receiver with large-diameter optics in the atmosphere has been demon-
strated. Such a receiver has been operated over a 1,6-km (1-mi) atmospheric
path., The results of this experiment indicate that sufficient coherence of the
beam will be retained for both horizontal and vertical paths through the atmos-~
phere to make operation of the optical superheterodyne possible and hence make
it possible to realize the advantages of the optical superheterodyne receiver,

As a result of the experiments and design studies a design for a deliverable
model of an optical superheterodvne receiver has been achieved. This unit is
now being constructed. ;

A major accomplishment of last year's program was the experimental
confirmation of an optical design that preserves coherence of the received op-
- tical beam and that also expands the allowable angular tracking error. Assum-
ing that both the received signal and local oscillator are plane waves, the allow-
able tracking error for an optical superheterodyne receiver with an optical
aperture on the order of 20. 32 cm (8 in. ) would be in the microradians. Our
optical design expanded this allowable tracking error to approximately 200 urad.
This means that an angular tracking servo of comparatively conventional design
can be used to track the incoming signal. This receiver will be installed in a
mobile van as shown in Figure 1. The van mounting makes it comparatively
easy to perform experiments at various geographical locations and also provides
a much larger field of view than is usually available from a laboratory building.

* The work described herein was sponsored by the National Aeronautics & Space
Administration, George C. Marshall Space Flight Center,under Contract No.
NAS8-11588.
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The block diagram for the optical superheterodyne receiver is shown
in Figure 2., Generally speaking, the operation of the diagram is self-
explanatory.

The spatial tracking function of the optical superheterodyne receiver is
of vital importance to the receiver flexibility. The heterodyne optics and sub-
sequent photomixing operation are extremely sensitive to angular changes of the
signal direction. The spatial tracking follows the line of sight direction of trans-
mitted signal and maintains the signal along the optical axis of the system. Tests
performed upon the optical superheterodyne receiver have shown that the angular
limits of operation are = 100 yurad. Thus, the angular tracking accuracy of the
spatial tracking system must be less than this value, The total error is the sum
of the dvnamic errov arising from the relative motion hetween the receiver and
the transmitter plus the static error produced by frictional torques and tacho-
meter noise.

The servo construcied gives the desired tracking accuracy. The control
configuration utilizes an image dissector for noncoherent spatial error detection
and dc torque mciors as prime movers.

When tracking low-acceleration targets such as satellites and airplanes,
this tracker has an accuracy of anproximately 25 pyrad rms, The accuracy under
these conditions is sef hv the static friction and eqguivalent noise bandwidth of
the tracker and the intd i of the atmosuheL e. When tracking high accele-
ration f?rfzt: £ ’Z’ g a twi;m@ error that is directly
propertional tot /sec’; the tracking angular
error pt’-z-;i's to LD amredd 1
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axes have integral networks with an upper break frequency at 2 Hz and a lower
break frequency of 0,02 Hz, The equivalent noise bandwidth for the tracker is
19 Hz in the azimuth and 30 Hz in the elevation.

High precision bearings of the ABEC class 7 type are used in both axes,
Including the contributions from the various potentiometers, tachometers,and
motors, the measured static friction on both axes is 9.952 x 1072 joule (7 x 10~2
ft-1b). The static pointing accuracy on both axes is on the order of 10 urad.

The trace of signal rays and local oscillator rays through the system is
shown in Figure 3. The received rays are reflected from the beam director to
the parabolic mirror and thence to the secondary beam forming mirror. The
collimated return signal is then mixed with the local signal at the mirror adder
and the resultant beat detected by the photomultiplier. The laser local oscilla~-
tor signal is focused by a beam forming lens to match the return signal in size
and divergence angle.

Another signal takeoff at C provides the optical error signal for the angle
tracking servo. A spotting telescope is also incorporated in the system for
visual data takeoff: - K : ‘

The optics have been éxperimentally tested, and it was found that hetero-
dyning was not impaired over input angle of arrival variations of up to 10 mrad
providing local oscillator and signal alignment were readjusted to accommodate
the input angular offset. Without readjustment the allowable offset increments
could only be 100 prad. '

The physical design of the optical portion of the receiver is shown in
Figure 4. This drawing shows the main signal collecting optics, the various
alignment fixtures, and the viewing telescope. The angle tracking servo, which
fits on the right end of the optical structure, is not shown,

In an optical superheterodyne receiver using a photoemissive detector
the detection of the beat frequency is performed at the photosurface. At low
light intensities the resultant currents are small even when large local oscil-
lator power is used. Maximum receiver sensitivity is obtained when the signal-
to-noise ratio Pso/ Pno is given by [1]

QP

so s
P T hvAf ? (1)
no
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where
Q is the gquantum efficiency
PS is the signal power
hv is the energy per photon
Af is the electrical bandwidth.

The sensitivity expressed by equation (1) will be degraded if the ampli-
fication following the photosurface detection process introduces a noise power
greater than hvAf/Q. In photemultipliers the secondary emission amplification
introduces some noise. This additional noise degrades the value of equation (1)
about one dB in well designed and operated tubes, In photomultipliers this
- "noiseless' amplification is sufficiently large to eliminate further signal-to-
noise degradation by the amplifiers following the tube output.

_ Standard fast rise time tubes have 3-dB cutoff frequencies of about a
hundred megahertz, In this system the detector bandwidth must only be greater
than the i.f, bandwidth following the detection even for Doppler frequency track-
ing to 1 GHz,

The laser local oscillator noise and power requirements are discussed
in Biernson and Lucy [1]. Ideally sufficient monochromatic power should be
available to permit discrimination against random noise-producing sources such
as reflected or scattered sunlight. Also the noise produced at the output of the
photomixer caused by the local oscillator should not exceed the expected shot
noise level for the corresponding local oscillator power, An existing single
frequency laser, the Spectra Physics Model 119 laser, has been evaluated for
this purpose and foundto be satisfactory. The monochromatic power output is
approximately 100 uW,. Anticipated severe background levels such as a bright
cloud should not exceed 0.1 uW. Thus, the local oscillator should be at least
1 uW to provide good background discrimination. Measurements of the noise
in a 4~-MHz bandwidth for the laser tested showed the noise to be "white." The
rms value of the noise exceeded by three times the minimum shot noise level
expectations. This level degrades the system performance. Measurements of
the short-term rate of change of frequency are 10% Hz?, The design of the rf
frequency tracking loop is hased on this estimate.



The laser is also tunable over a 1200 -MHz range via a voltage controll -
able cavity length at a rate up to 5 kHz, Thus this laser is used in the frequency
tracking loop to cover a Doppler range of 1000 MHz,

The frequency tracking loop provides the automatic tuning to keep the
difference frequency constant at the intermediate frequency as the Doppler fre-
quency changes, Eventually the tracking loop should provide search and acqui-
sition capabilities since momentary or prolonged disruption of the optical link
could occur.

The laser signal containing the Doppler shift is mixed with the optical
local oscillator signal in the photomixer. The output of the photomixer contain-
ing the Doppler frequency is fed into the i.f. amplifier.

Because of the closed-loop operation, an error signal is developed at
the discriminator that keeps the difference frequency between the two signals
at a constant i.f. value, The bandwidth of the AFC loop is chosen at the mini-
mum value consistent with the expected rates of change of frequency. This in-
sures a relatively high.signal-to-noise ratio..

The AFC loop bandwidth is’determin_éd by the maximum rate-of-change:
of the input frequency expected. For instance, the maximum frequency devia-
tion rate caused by the drift of a single frequency laser such as the Spectra
Physics Model 119 has been found to be 10% Hz?. If the error were required
to be half of the AFC loop bandwidth of Af then the necessary loop band-

width (gain-crossover frequency) would bc 2

£ af,
NI , (2)
e
which for
% = 10° Hz?

A, = 5.7x 10° Hz? .

In a similar fashion the bandwidth necessary to accommodate the rate -
of-change of the received signal frequency due to relative motion between the
system end points can be calculated. For a mission such as a missile being
launched straight up from a launch pad at a certain distance from the tracker,
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the maximum rate-of-change of Doppler occurs at an elevation of n/4 rad and is
proportional to the N2 times the missile acceleration. For a missile under-
going an acceleration of 30,5 cm/sec? (100 ft/sec?) the maximum Doppler rate
of change is approximately 150 MHz?, To track this rate-of-change in frequency
on the incoming signal the bandwidth must be 6.7 kHz,

The accuracy with which the AFC loop can operate will be a function of
the signal-to-noise ratio at the discriminator input. The tracking error 6f in
the loop bandwidth Afc is approximately

6f = — , (3)

where N is the signal-to-noise voltage ratio. In system calculations a mini-
mum value of N has been required to be 10 in a 4- MHz bandwidth, If Afc is

6 kHz as calculated above, the maximum tracking error will be approximately
6f = 23 Hz, '

Coherent light propagation experiments over 1829-m (6000-ft) .atmos~--
pheric paths have been performed. They were carried out using the local os-
cillator as both the transmitter and receiver in a homodyne mode of operation.’
For convenience a frequency offset for the local oscillator was obtained by
using a reciprocating mirror to generate Doppler frequency. The object of the
experiments has been to determine the effects of the atmosphere on the hetero-
dyne frequency signal., Amplitude, phase, and angle of arrival fluctuations all
produce signal variations.,

Data have been taken over the 182%9-m (6000-ft) atmospheric path under
varying meteorological conditions. The transmitter -receiver has been located
at the Sylvania Waltham Laboratories, and the retroreflector is located on Bear
Hill, which is 914 m (3000 ft) away. The elevation of the transmitter -receiver
and retroreflector installation are approximately the same. Terrain in between
is a tree studded valley whose elevation is approximately 31 m (100 ft) less
than the propagation path. Typical system performance data are summarized
in Table I.

Typical signal returns are shown in the oscillogram, Figure 5. This
record was obtained in June 1964 on a fair weather day. The wind velocity was
about 9 m=sec (20 mi/hr). A 6.35-cm (2.5-in,)-dia retroreflector was used
to reflect the signal back to the receiver. The top trace shows the beats gener-
ated by heterodyning the return with the local oscillator. The beats occur in
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groups because of the manner in which the local oscillator frequency offset was
obtained and should repeat every 1.7 msec. The rounding of the envelope is
caused by the amplifier bandwidth. The signal was filtered by a bandpass filter
that passed 3 kHz to 10 kHz to remove the low-frequency intensity fluctuations.
Frequency translation was performed mechanically., The laser output was
shifted in frequency to form the local oscillator signal by reflecting the beam
from a moving mirror. Because a reciprocating mirror motion was actually
used, the Doppler frequency shift varied with time giving rise to the envelope

of the waveform in Figure 5. The lower trace in Figure 5 is the return signal
passed through a low-pass filter with a cutoff frequency of 1 kHz, No beats are
present because they do not fall within this bandwidth. The trace is a repre-
sentation of this instantaneous photocurrent. It indicates the sighal power
fluctuations since the atmospheric turbulence produces only low -frequency vari-
ations. Approximately 80 to 90 -percent amplitude modulation is represented

by intensity signal excursion. I general, one would expect the beat signal to be
somewhat smoothed as compared with the optical power fluctuation because the
beat signal is proportional to the square root of the received optical power.
Preliminary tests indicate this to be true at times, although other effects can
be observed. .

In preliminary observations, pronounced beat amplitude variations have
been noted that cannot be correlated with the amplitude fluctuations., These ob-
servations as shown in Figure 5 include increases in beat amplitude with de -
creasing optical power return and vice versa. Also complete beat signal drop-
outs without intensity dropouts have been observed. In Figure 5 the largest
beat signal occurs at a medium intensity level; smaller beat then occurs at a
higher intensity level, and a partial dropout has occurred between these beats.
The fourth beat is also missing. Then when the power is low a relatively good
heat occurs, The low amplitude fine structure in the beat signal display is
laser local oscillator noise.

In an optical superheterodyne receiver, an electrical beat signal is
generated by adding the incoming optical signal to the optical local oscillator
of a slightly different frequency and detecting the envelope in a square-law de-
tector. The wavefronts of the optical signal must be perfectly matched to the
wavefront of the local oscillator to obtain a maximum beat signal, I the wave-
fronts are inclined to each other the photocurrent signal can be severely de-
graded. To understand why, recall the Michelson interferometer. Interference
fringes are produced as a result of one mirror being at a slight angle with the
other. In the Michelson interferometer two waves of the same frequency are
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used to produce the interference pattern. In our case the waves are at slightly
different frequencies; thus, there is a heterodyne beat between the two wave-
fronts. If we observe the area of interferences as in the Michelson interfero-
meter we would see the interference pattern changing with time. The bright and
dark bands would move in progression across the observation area at the beat
frequency rate. Thé changing pattern is indicative of the changing phases be-
tween the two optical waves.

If a phototube surface were illuminated with this pattern then the cross
section of the photocurrent output would be a replica of the time changing inter~
ference pattern. The ac component of the photocurrent would be the beat note.
The dc component would be proportional to the intensities of the two optical
waves. The anode of the phototube sums the instantaneous values of all the
signals. If there are many fringes in the pattern then alternate plus and minus
signal components cancel each other. The net photocurrent would be the resi-
dual after the cancellation. For example, if there are 6 bright and 5 dark fringes
at any instant of time then 5 fringes of one polarity of phases cancel 5 fringes
of the other polarity and only 1/11 of the total ac signal remains, As the number
of fringes.is deereased by better -matching of the wavefronts then the ae beat
component collected by the anode increases.

An optical superheterodyne system would be designed to match both
signal and local oscillator wavefronts, Atmospheric turbulence or transmitter -
receiver angular alignment errors can easily produce appreciable tilting between
the signal and local oscillator wavefronts. In addition telescopes used for
collecting optics can introduce an angular magnification. We have attempted to
solve the mismatched wavefront problem in the optics. Experimental results
have shown some sign of success.

The experiments have shown that the reduced angular sensitivity in this
system is not only a function of the overlap areas and angular mismatch but also
depends upon the shape of the wavefronts being mixed. Thus mixing a plane
wave with a spherical wave as compared to mixing either two plane waves or
two identical spherical waves produces a different result.

The experiments compared the mixing with spherical waves as opposed
to mixing with plane waves. The results of the experiments are shown in Figure
6. The optical design that is most demanding on the pointing accuracy require-
ments uses plane wavefronts in the mixing process. The fringing obtained under
this optical arrangement is shown in Figures 6a and 6b, In photograph 6a the
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local oscillator and received signal are collinear. In 6b there is a 70-urad
angle between the local oscillator signal and the received signal. The alternate
light and dark bands of fringes represent areas where the local oscillator and
received signal shift 180° in phase. Thus, the signal in the light band tends to
cancel the signal in the dark band. In the misaligned case where there are many
more light and dark bands, this cancellation is almost complete so that the mix-
ing process is very inefficient, In fact, the efficiency drops tc zero when there
are equal light and dark areas and rises to a local small maximum when there
is an excess of one kind or the other. Consequently small angular disturbances
can produce a 100-percent modulation on the heterodyne signal. Jitter in the
servo or optical signal angle of arrival fluctuations caused by atmospheric tur-
bulence will thus produce a noise modulation of the signal. In the plane wave
case of Figure 6a and 6b a 1,5-urad change varies the mixing efficiency from a
maximum to zero.

In Figure 6, c and d, spherical waves were used in the heterodyning
process. A simplified analysis of the spherical wave mixing shows that al-
though the mixing efficiency at perfect alignment cannot have as large a value
as the plane wave case, the efficiency does not go through large oscillations as
the angular misalignment is changed. In fact for the case shown in Figure 6d
an additional 1,5-prad misalignment produces only a 2-percent change in the
mixing efficiency. '

The results of the simplified analysis are shown in Figure 7, where the
mixing efficiency is shown as a function of the angular misalignment for the
same two cases shown in the photographs. This analysis was performed for a
one-dimensional cut through the center of the mixing area perpendicular to the
fringes. In the plane wave case the violent oscillations of the efficiency are
not shown in order to simplify the drawing. In the spherical case it can be seen
that only very minor oscillations occur. Thus the spherical case is less sensi-
tive to misalignment.

The detection of FM modulated light by an optical superheterodyne re-
ceiver was performed in an experiment. The significance of this experiment
is that it is the first unambiguous demonstration that modulation processes and
receiver techniques for FM, which are commonplace at radio frequencies, are
directly applicable at optical frequencies.

The experimental setup is shown in Figure 8. The transmitter consists
of a single-frequency gas laser operating at 6328 A, The output of this laser
passes through a Sylvania S2¢ phase modulator. This modulator was excited
by 530-kHz sinusoidal wave.

163



The receiver consists of a photomultiplier upon which was incident the
output of the transmitter and a laser local oscillator signal generated by a
second single frequency gas laser operating at 6328 A. The output from the
photomultiplier is at a frequency equal to the difference between the laser local
oscillator and the transmitter. The output of the i.f. amplifier passes to a dis-
criminator that detects the received signal and supplies an error signal for the
AFC loop that controls the local oscillator laser frequency.

The AFC loop for the local oscillator was constructed from the AFC
components of an AN/SPS-10 radar. This high-gain loop locked the receiver to
the transmitter to within a frequency excursion of about 10 kHz, The bandwidth
of the discriminator was about 3.5 MHz,

A spectrum analyzer was connected directly to the output of the i.f.
amplifier to permit examination of the translated spectrum of the transmitter
output. Photographs of the spectrum analyzer display are shown in Figure 9.
Figure 9a shows the unmodulated carrier, Examination of this figure gives a
qualitative idea of the frequency jitter and noise on the unmodulated carrier,
Figure 9b.shows the frequency spectrum for sinusoidal modulation at 530 kHz
at'a modulation index of 1.8, At tlis modulation index the first sidebands are -
maximum and the carrier is slightly smaller than the sidebands.

At this modulation index, the second sideband components are also
becoming significant. Figure 9¢ shows the transmitted spectrum for a modu-
lation index of 2, 4 where the carrier goes to zero and the first, second, and
third sidebands are visible.

To a large extent these spectra precisely duplicate the spectra one
would obtain with a conventional radio frequency system excited with appropriate
sine waves. The only difference between these results and those obtained with
the rf signal is the presence of a considerable amount of noise on the carrier,
This noise takes the form of random frequency and amplitude variations. From
the analysis of a particular case it seems reasonable to expect that satisfactory
systems can be constructed in spite of a noisy carrier under proper conditions
of modulation index and carrier noise. This conclusion is intuitively apparent
from inspection of photographs in Figure 9 on the basis of the relative width of
the spectral lines compared to the spacing between the lines.

The 530-kHz output from the discriminator is shown in Figure 10,

Here the relative amount of noise arising from the carrier noise can be judged
directly.
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The optical M receiver is somewhat more complex than the AM re-
ceiver, However, optical amplitude modulation systems operating in the at~
mosphere are subject to rapid fading. The frequency spectrum of the fading
may at times contain significant components up to 500 Hz. Also, some lasers
have amplitude noise components whose frequency spectrum extends up to
several hundred kilohertz. By proper receiver design it is possible to handle
these amplitude fluctuations; indeed, these circuitry complications appear
simpler than the optics of an FM receiver.

Temporal variations in the average index of refraction along the path
between the transmitter and the receiver will cause variations in the phase of
the received signal. Hence, these index of refraction variations will produce
an incidental phase or frequency modulation of the received signal. These index
variations arise from variations in temperature, pressure, and water content
of the atmosphere. Taking into account the functional relationship between the
optical index of refraction and these state variables it is possible to extrapolate
the index of refraction data collected at microwave frequencies. This extra-
polation indicates that the phase excursion should be very slow, i.e., on'the
order of a few hertz, which can easily be tracked by a simple AFC loop. Heavy
limiting prior to the discriminator will subdue the amplitude scintillations. which
will be present on the received signal. Thus the optical heterodyne FM re-
ceiver seems intrinsically capable of handling atmospleric fluctuations. The
comparative complexity of the optics and laser local oscillator may he justified
when the other characteristics of heterodyne detection are desired.
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TABLE I

COHERENT LASER SYSTEM DATA (HOMODYNE OPERATION)

Radiated Power 5x 107w

Radiated Beamwidth (5%) 5x 10~* rad
Average* Received Signal Power 3.2x 10°% w
Average® Signal Power at Photomixer 1.3x 108w
Local Oscillator Power 1.8x 1078 w
Peak Local Oscillator Signal-to-

Noise 42 dB
Average* Beat Frequency Signal-to-

Noise 38 dB
Heterodyne Efficiency** -10 dB _

Retroreflector Targetat 914 m (3000 ft)

* Average value signal fluctuating because of atmospheric propagation effects,
%% Ratio of average heterodyne signal level to maximum theoretical beat

signal level corresponding to measure values of average received signal
and local oscillator signal.
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STABLE LASER SOURCE ¥ 27~ 74 i

J. T. LaTourrette
TRG Incorporated

For deep-space laser communications, a laser source with the highest
possible spectral brightness is required. Such a laser must be a high-power
single-mode laser with constant power output and constant oscillation frequency.
Constant, high single-mode power can be achieved by employing an optimally
designed laser resonator and a stable power source., The subject of the present
paper is the stabilization of the laser oscillation frequency as applied to an He-Ne
6328-A laser. This work has been supported by the Marshall Space Flight Center
under contract monitored by Dr, J. Randall.

It is difficult to achieve passive stability in a laser resonator better than
about one part in 108, To achieve a stability of one part in 101! or better, itis
necessary to actively stabilize the resonator length to maintain an oscillation
frequency that is constant with respect to the best available frequency standard,
the center of the laser fluorescent line.

One method of stabilizing a laser is to frequency modulate the laser-and
monitor the. modulation of the power output. However, itis necessary to fre-
gquency modulate the laser overa fair fraction of the total laser linewidth to
detect sensitively an error in the average laser oscillation frequency. This
required modulation of the laser frequency limits severely the usefulness of
the method,

The present stabilization method consists of modulating the laser medium
gain and monitoring a small frequency modulation that results from the disper-
sion of the laser medium. The method can be applied to any laser medium that
has an 'inhomogeneously broadened' line and thus exhibits a '""Lamb dip" in the
power output at line center as shown in Figure 1. Media that have a Lamb dip
also have a mode pushing effect which depends on the gain of the laser medium.
As a result, modulation of the gain will frequency modulate the laser frequency
by an amount that, near line center, is proportional to the difference between
the oscillation frequency and line center., This induced frequency modulation is
thus an excellent discriminant for correcting the oscillation frequency to line
center. A typical discriminant is compared with the single-mode power output
in Figure 2.
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The induced FM can be detected very sensitively by using optical hetero-
dyne detection to translate the optical frequency spectrum of the modulated laser
output down to a convenient radio frequency where a standard rf discriminator
can be employed. A second '"slave'" laser was used as a local oscillator to
accomplish this frequency translation by optical heterodyne detection, The
experimental arrangement is illustrated in Figure 3. Voltage control of the
laser length is accomplished by mounting the reflectors in the laser resonators
on piezoelectric tr.ansducers. A constant i.f, is maintained with a standard AFC
feedback loop. The frequency of the master laser is then stabilized with respect
to line center by applying gain modulation (at a frequency that is above the AFC
control bandwidth), detecting the induced FM at the discriminator output with
a phase sensitive detector, and feeding back the error voltage onto the piezo-
electric transducers to produce a null error voltage. It should be emphasized
that the induced frequency modulation vanishes at the "null point" that very pre-
cisely defines line center. Thus, when the laser is stabilized there is no
modulation of the laser frequency. The only modulation of the laser is ampli-
tude modulation, i.e., modulation of the laser power,

It should be noted that the involvement of a second laser in this stabili-
zation method is not a useless complication. In general, it would be desirable
to operate the stable "master laser' under low power conditions to achieve
stable operating conditiens and long~-term stability -of the reference frequency.
The slave laser, which has inherently the same stability as the master laser

-and which can be displaced by any convenient offset frequency from line center,
can be much more powerful and be used as the transmitter laser,

In the stabilization of 3.39-u lasers, it was possible to modulate the gain
by modulating th% laser input power as shown in Figure 3. Such power modula-
tion of the 6328-A laser did not produce a useful discriminant; a direct frequency
modulation caused by modulating the plasma was much larger than the desired
induced modulation. Therefore it was necessary to apply another method of
modulation that would not directly modulate the plasma. Longitudinal optical
pumping using a 3. 39-u laser, as illustrated in Figure 4, was tried and produced
a symmetrical error signal that is satisfactory for frequency stabilization. This
methood has been used in a breadboard arrangement to successfully stabilize the
6328-A He-Ne laser. We are presently constructing two stable laser systems
to monitor the stability that can be achieved by a direct comparison of the two
output frequencies. -

The present stabilization method provides superb control of the laser

frequency with respect to line center., The system noise level corresponds to
only a few hertz of error, and both long and short-term stability with respect
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to line center of better than a part in 10! has been demonstrated. However, it
is recognized that the fluorescent line at 6328A is 10° Hz broad. A specification
of line center to a few hertz corresponds to a minute fraction of the total line-
width., Furthermore, the energy levels of neon atoms in a plasma are subjected
to various perturbations that can easily shift the line center. As a result, the
line center frequency can probably be shifted, for example, by varying the gas
density or the plasma power level over a frequency range which is much larger
than the implied residual error between the laser oscillation frequency and line
center. An important next step is the investigation of these shifts, which inci-
dentally would be common to any stabilization method.

177



AONINDAYA NOILVTTIIORO 8A MEW«J Y8389 FAOW A'TONIS J0 ¥IMOd LO4dIN0 ¥ THODIL

ADNINDIHL ot

- : g 14
v eru

g NI MO S

178



POWER OUTPUY
{ RELATIVE }

FREQUENCY DEVIATION (kHz)

<180 =120 -80 - 40 0 40 ' 80 120

]

"opTicAL (MHz)

FIGURE 2. SINGLE MODE POWER OUTPUT AND FREQUENCY
- MODULATION INDUCED BY GAIN MODULATION

179



( Q341VINGONNN )
nv3e

indino
a3Z178v.1s

WASVT M6€ ¢ AZITIA VLS OL qAISA INTWIDNVHYV TVININIYAIXT '€ HUNDId

U3 INdNY

ZHY £~ 0

YO LYNIWIYOSIQ

—

UIAdNY
ZHY os

¥0193130
ISVHA zyy0¢

I

'

YWY

STABILIZATION LOOP

HIALIKITY
. t
m HIAIdNY
2 4T
< !
¥0103130
aans NOILYIOVY
¥3MOd
!
¥asv
VS
vmoen DIVRNDOLVAANRNAY
$
Aiddns ¥OLVINCOW HOLY TS0
NIMOd ‘WY Zyy o¢

180



HASVT 76€ "¢ HLIM DNIIINAL TVILLAO
TVNIANLIDNOT A9 YISV ¥83€9 40 NOLLVINAOW NIVD "% ZUNDIL

181

¥3Sv 3IAVIS B2€9

HIJILINNOLOHd

/, A\ _
7/
Y
¥ILT4 WNINVWESD x
/, N ‘_ _
._ \\ \ \K : ._ : ALTLLLLL LA AR LAY 1&% % —
¥3asvl Mege \1_

g3LlvINGON SN3T Z.iywvno . NOVHHAVIO

4010371434 104 401031434 OJI0¥HIIQ YISV YILSVYW oVBCES






ADVANCED STUDY ON OPTICAL COMMUNICATIONS
FROM DEEP SPACE

C. W, Chapoton
J. W, White
Westinghouse Electric Corporation

Since September 30, 1964, the Surface Division of the Westinghouse
Defense and Space Center in Baltimore, Md., has been performing a study on
optical communications from deep space. This work has been sponsored by
the NASA Manned Spacecraft Center in Houston, Tex., under contract NAS
9-3650., The purpose of this paper is to highlight the significant study results.

The communications requirements for manned deep-space missions were
derived with the objective of evaluating modulation techniques for deep-space
"communications. Three modulation techniques shown to be promising in a
previous NASA contract were considered. Communications systems.concepts
weré synthesized using these modulation techhiques, and their parameters were
derived. Finally, a comparative evaluation between systems using each modu-
lation technique was made.

The constraints under which the study was performed are shown in
Figure 1. Three links were considered:

1. a direct optical link from the earth's surface to a manned deep-space
vehicle (MDSV) at a range of 80 450 000 km (5 x 107 mi.);

2. arelay link using microwaves from the earth's surface to a syn-
chronous satellite and an optical link from the satellite to the MDSV ;

3. adirect optical link from the earth's surface to a low-altitude
manned space station of the Apollo Extended Mission type.

Both up and down links were considered. Three modulations were considered
for each link, as shown in Figure 1:
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i. pulse position modulation,
2. pulse code modulation using polarized light,
3. coherent reception with frequency shift keying.

Data transmission requirements were analyzed for these links and are
summarized in Figure 2. Command and voice data will be sent over the up
links. A low data rate, high quality command channel is required to deliver
1000 bits per second with less than one error per million bits. Digital voice
transmissions at a rate of about 30 000 bits per second with less than one error
per thousand bits are required. The down links are dominated by the require-
ment for transmission of real-time, commercial quality television. This
video will require a rate of about 50 megabits per second with an error rate of
less than one error per thousand bits. Telemetry and voice channels are pro-
vided in the down link with the same requirements as on the command and voice
channels for the up link. '

Concepts were synthesized for the various elements of optical system
for each link and each modulation technique. Consider first the PPM trans- -
mitter shown in Figure 3 for use on an Apollo Extended Mission vehicle., Video
is not considered here because hardware considerations indicate that the high
switching rates and extreme synchronization requirements cannot be maintained
for high data rate PPM systems.

Command data, after coding to decrease the error rate, is time multi-
plexed with telemetry data and the synchronization word, Data interlacing is
used so that one hit is taken from each data source for every two frames in the
output message. Studies have shown that one synchronization frame for every
39 data frames is adequate to maintain system operation. These multiplexed
data are grouped into words that time the generation of the output pulse train
according to the information content. The resulting pulse train modulates a
GaAs diode laser for transmission. The diode laser is chosen for this near -
earth satellite application because the beamwidth requirements are not stringent,
power requirements are low, and efficiencies are high. The beam is shaped,
and output lenses control the pointing of the beam.

Formation of the pulse train is as before, when the PPM transmitter
for communication to the MDSV is located in a synchronous relay satellite as
shown in Figure 4. However, the diode laser is not used because of the beam-
width and power requirements, In this case, a Q-switched, sun-pumped laser
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is postulated. Solar energy is collected and optically coupled into the laser.
Cooling must be provided for the colliector, optics, and laser. Output lenses
form an optical system for beam shaping and steering.

A PPM receiver for use on the MDSV is shown in Figure 5, Cassegrainian
optics are.used because of the size and weight advantage. The signal from the
optical telescope is filtered to reduce the background noise and is detected in a
photomultiplier tube. The resulting electrical signals are integrated to form
pulses from the individually detected quantum of energy. This integrator is
dumped at a rate corresponding to the PPM slot rate. Sequential comparison
is used to determine the location of the signal pulse in the word group time
frame. A parallel circuit detects the synchronization signal and updates the
receiver clock. At the end of a frame, the 8-bit word is transferred into a
320-bit storage register during the dead time. The first 8 bits transferred are
always related to the synchronization word, and the last 312 bits are information.
After 320 bits have been transferred, the bits associated with the synchroniza-
tion word are ignored, and the 312 information bits are transferred in parallel
into a word store. They are read out in a continuous manner until the 320-bit
. register is full, .at which time the cycle is repeated. Format conversion from
' 8-bit characters transmitted 39/40 of the time to a continuous bit stream is
' accomplished by I!e?ldiing the 8 bits corresponding to the synchronization frame
into a 320-bit register, and then following this with 312 information bits, At
that time, the last 312 bits are gated in parallel into a read register, and then
read out of this register at 1/2 (312/320) the received bit rate.

The PCM/PL transmitter on the MDSV is shown in Figure 6. The video
data are quantized and coded into a PCM signal. This signal is time multiplexed
with the command and telemetry data and the synchronization signal. The re-
sultant pulse train is applied to an electro-optical modulator that performs
binary switching of the polarization of the sun-pumped laser. The output optics
then form and steer the beam,

The earth-based receiver for this link is shown in Figure 7. Casse-
grainian optics are used again because of their size and weight advantages. The
light from the optical system is filtered to reduce the background noise and
" passed through a quarter wave plate. This plate converts the circularly polar-
ized input light (with direction of rotation depending upon the character being
sent) to orthogonal linearly polarized light. Orthogonal polarizations are
separated in a Wollaston prism, individually detected, and converted to an
active binary signal. Quantum counting is then performed and the resultant
pulses shaped. The output pulse train is demultiplexed and distributed to the
appropriate data user.
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The coherent transmitter for the FSK system is shown in Figure 8. In-
put data are again time multiplexed, In this case, they are used to modulate a
unimodal gas laser. Only the gas laser has sufficient spectra purity to permit
coherent detection. The output beam is then shaped and steered by the output
optics.

The coherent receiver, shown in Figure 9, also uses Cassegrainian
optics to collect the transmitted beam. The received energy is heterodyned
with the local gsecillator on the semisilvered mirror and detected by a photo-
detector. The photodetector output is processed by a conventional rf receiver
and demultiplexed. Decoding and D/A conversion is identical to the other
receivers.

In this study, comparison between the above systems and, hence,
between modulation techniques has been made on the basis of transmitter power
requirements. This measure is particularly significant because it is propor-
tional to spacecraft system weight, and it also provides an indication of the
feasibility of obtaining a laser source. Actual weight comparisons, which form
the final selection criterion, cannot be made until preliminary system designs
have been generated. These designs are beyond the scope of the present study. -

To determine transmitter power requirements the power model shown
in Figure 10 was used. Choice of a receiver location, an operating wavelength,
receiver aperture area, and beamwidth determines the input background noise
on the receiver optics. Choosing the optical filter bandwidth determines the
noise power into the receiver, which can be expressed as a noise photon rate,
In PCM/PL we are interested in knowing the number of noise photons that must
be overcome at each decision that is obtained by knowing the data rate. For
coherent systems, the noise photons per unit bandwidth, which are obtained
from the signal bandwidth since coherent reception rejects noise outside the
signal band, are of interest. In PPM systems, the number of noise photons
per time slot in which the signal may be is of interest.

The appropriate input noise figure is used in conjunction with statistical
detection requirements curves. These curves relate the required signal photons
for a given error rate to the input noise photons. The input signal requirements
are then used to ‘solve the above process in reverse to find the signal photons
onto the receiver optics. The optical communications range equation then
defines the required transmitter power,

The heart of this power model is the relationship of the signal photon
requirements, noise photons, and error rate. Statistical analyses have been
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performed to relate signal, noise, and error rate for quantum counting de-
tection. A typical result is shown in Figure 11 for PCM/PL and an error rate
of one per thousand bits., Figures 12 and 13 show the similar relations for
coherent FSK and PPM. These curves plot the average number of photoelectrons
(related to the signal photons by the photosurface emissivity) per decision as

a function -of the average number of noise photoelectrons that are present for
that decision to insure a specified error rate, The abscissa shows only the
value of background noise. As this noise becomes smaller, the required signal
photoelectrons approach a constant value. This number of photoelectrons
represents the quantum limit of the receiver. It is the number of photoelectrons
that must be received to have a recoghizable signal. For the example in Figure
11, the guantum limit is about seven photoelectrons per decision.

As the background noise increases, the effect of quantum noise decreases
and finally becomes negligible. For high background situations the required
signal photoelectrons hecomes proportional to the background noise photoelec-
trons per decision. '

The following figures* show how the minimal required power varies as
a function of data rate for the MDSV to earth link and the three modulation tech-
niques. F_‘igur_e 14 shows the requ'iremgnts using pulse code modulation with"
polarized light (PCM/PL). It can be seen from these curves that indreasing
the operating wavelength significantly decreases the power requirements,
Powers are on the order of two orders of magnitude less for 4u than 0.6 1,
This shows the effect of the lower noise backgrounds at the longer wavelengths.
At high data rates the curves become quantum limited. The number of noise
photons per second is so low that system operation is limited by the uncertain-
ties in the signal photons themselves. At lower data rates the noise background
determines the required number of photons. This is somewhat similar to the
case in microwave communications of increasing the signal bandwidth until it
matches the noise bandwidth. Recall that the noise bandwidth is set by the
optical filter bandwidth., This is a constant for the data rates considered. For
a particular wavelength, when the system operation reaches the quantum limit,

* Transmit and receive beamwidths = 10 p rad; quantum efficiency = 50 percent;
optics efficiency = 70 percent; optical filter bandwidth = 0.1 percent A; aperture
area = 10! cm in Space, 10° cm on earth; range = {,5x 108 km in all curves.
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the required signal power should be independent of receiver beamwidth
(although reaching this limit is a function of receiver beamwidth).

Because the coherent system limits the noise background much more

_efficiently than the optical filters (the noise bandwidth is effectively the signal
bandwidth) , the coherent systems were found to be quantum limited in all cases.
This is illuminated in Figure 15, The quantum limit of 10 photons per cycle
implies that the required received signal, and hence transmitter power, will
vary linearly with data rate. The curves are dependent upon wavelength since
the energy per photon is different for different wavelengths, This is an inverse
relation between power and wavelength for the lower power requirements at the
lower wavelengths. Again, as with PCM operation, power requirements for

the MORL link are negligibly small.

The power requirements for pulse position modulation are shown in
Figure 16, Although PPM is not considered for video transmission, the down
link powers were calculated for the lower data rates to illustrate the performance
of a PPM system with limited data handling capability. Since the same alphabet
level (a = 8) and pulse width (50 nsec) were used for all data rates, the power
required curves vary linearly with data rate. . These curves again show the
advantages of going to longer wavelengths for system operation. Power re-
quirements are significantly different as the wavelength increases. The power
requirements for the data rates where PPM is applicable are not significantly
different from those systems using PCM or coherent modulation.

Figure 17 suminarizes the transmitted power reguirements for the
various deep space links and data rates of interest. In the 50-megabit per
second data rate, corresponding to the transmission of real-time television
from the MDSV, PCM/PL offers a small power advantage over coherent FSK
modulation, Although not a system requirement, the same advantages are
noted if the high data rate is to be sent over the up link to the MDSV,

In the up links, where a data rate of 30 kilobits per second is required,
the power requirements are about two orders of magnitude less than for the
high data rate down links., No difference is noted for the earth-based and syn-
chronous satellite transmitter since the MDSV receiver 'is the same in either
case and sees the same background noise power,

Comparison between modulations is somewhat more clear cut for the
up links. Both PCM/PL and coherent FSK require powers in the order of
0.25 W, However, PPM for this low data rate requires a power in the order
of 5 mW, )
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If the requirement for real-time television on the down links is removed,
the data rate will be 30 kilobits per second, and the power requirements are
summarized in the figure. Again, PPM offers an advantage of from one to two
orders of magnitude in transmitted power over the other two modulation types.

An initial comparison between links can also be made using the figure.
In the high data rate down link, the direct optical link to the earth's surface
requires the lowest power. This result is seemingly contradictory since the
daylight sky background that the earth receiver must see is much more intense
than the planetary background seen by the synchronous satellite. However,
much larger optical apertures are possible on the earth, Operating within the
projected bounds of feasibility, the increased aperture size more than offsets
the increased background noise power. Although power and weight on the MDSV
required by the communications package is extremely critical, some consider-
ation must be given to the other terminal of the system, If earth-based re-
ceivers are used, the problems of occultation and cloud cover must he overcome
by using a number of receiving stations distributed over the globe. These
additional stations require a broad-band ground-based data network as well as
_a central command and control facility to ehoose the proper receiving station
and channel the data appropriately. An alternative is to use a communications
satellite network. " If this network exists and can be used, it is attragtive; if it
is not, satellite relays are equivalent. ) '

Thus, the choice between earth or satellite terminals depends on a
tradeoff between the larger number of stations on the earth and the difficulties
of achieving long -term reliable satellite relays. The earth-based stations also
imply a larger number of switchovers and, hence, possible loss of data. The
increased complexity of the handover and tracking problems for earth stations
may be offset by the capability of having more complex systems on the ground
than in space.

Communications with the MORL appear to be no particular problem,
from a power viewpoint, using any of the three modulation techniques. For
beamwidths below 100 microradians, the power requirements are on the order
of microwatts for the high data rates. Broadening the beam by orders of
magnitude would put the powers into the watt range. PPM again has an advan-
tage at the lower data rates.

A word of caution should be injected into the interpretation of these re-

sults. The heart of the power model used to generate these results is in the
quantum counting detection requirements curves. These curves are highly
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nonlinear. Thus, the power results are very sensitive to assumptions of system
parameters and system requirements. An exhaustive search for the "optimum"
set of system parameters is beyond the scope of this contract.

Background noise is a critical system parameter. The above evaluation
indicates that the region around a wavelength of four microns is optimum. How-
ever , the very narrow low noise lines in the sun's spectrum offer possible noise
improvements. Because of the nonlinearity of the power model, it is impossible
to tell from examination of the Fraunhofer lines which would yield minimum
transmitted power requirements. The optimum wavelength may well be differ-
ent for different modulation techniques.

Finally, the true measure of cost or penalty function for a given modu-
lation technique is spacecraft weight. Because of the variability of laser ma-
terials, pumping requirements, efficiencies, and power supplies, weight is not
linearly related to output power for all modulation techniques. System designs
must be generated and optimized with respect to spacecraft weight for a spec~
trum of system requirements, In this way, the optimum choices of modulation
technique and system design can be developed as a function of system require-
ment, Furthermore, the up and down links should utilize the same modulation
technique to minimize spacecraft complexity. Thus the power advantage gained
by PPM at low data rates may be negated if two different techniques are re-
quired for transmit and receive in the MDSV.
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OPTICAL WAVEGUIDE DESIGN

Donald W. Wilmot
E. Ronald Schineller
Wheeler Laboratories, Inc.

The subject of waveguides and waveguide modes is traditionally a micro-
wave topic. However, there is currently some activity in this area within the
optical field. This activity may be partly caused by the fact that these modes
are very interesting from a theoretical point of view. A practical motivation
for work in this area is the possibility of developing high-performance, waveguide-
type, optical components, analogous to those used at microwave frequencies
{1,2]., These components require waveguides that operate in a single-mode, or
at least in a controlled mode condition. Such components are intended for ap-
plication in future laser communication and tracking systems.

Waveguide components have several advantages over conventional optical
components, particularly for use in high-performance laser systems. One of
the most significant advantages is that the component performance characteris-
. tics, such as frequency response in the case of a filter or power splitin a
directional coupler, are independent of the angle of the incident light. The re- .
ception pattern at the input determines the amount of power received by the sys-
tem for a particular angle of incidence; the rest of the system, if it is operating
in a single mode, receives this light with a constant, predetermined field con-
figuration regardless of the angle of incidence. Another potential advantage is
the future possibility of very compact, rigid, optical structures similar to the
printed circuits currently used in electronics.

There are a number of possible waveguide configurations, including
metallic and dielectric structures of various geometries. At Wheeler Laboratories,
work has been directed toward the development of large-sized, dielectric wave-
guide cf the form shown in Figure 1. It is possible to restrict propagation to a
single mode in such large, multi-wavelength structures by establishing a very
weak interface between the core and cladding materials, i.e., the core dielec-
tric has only a slightly higher index of refraction than the cladding [ 3]. The
large size is desired to facilitate fabrication of components and increase the
power handling capability of the guide. The term "large" is relative because a
100 wavelength guide is only about 60 y or 0.0024 in. wide,
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The analysis of a typical waveguide structure will now be outlined to
illustrate the analytical and experimental approach used in the development of
optical waveguides and components, The specific structure chosen for this
illustration is the bisected dielectric-slab waveguide. The analysis is interest-
ing for its own sake because it demonstrates that, although such a waveguide at
optical frequencies may exhibit many of the characteristics of similar structures
operated at microwave frequencies, it may also exhibit remarkably different
characteristics under particular operating conditions. '

For this analysis the technique of transverse resonance is employed.
Basically, this involves setting up a transverse equivalent circuit for the struc-
ture and solving for the resonance of this circuit. The resonance equation ob-
tained in this manner is the eigenvalue equation for the propagation constants of
the modes on the structure. The eigenvalue equation contains the complete
solution for the modes of the structure since the propagation constants are re-
lated to the guide wavelength, cut-off conditions, field configurations, etc. A
cross section of the bisected-slab configuration is shown in Figure 2(a). In
this figure, propagation is in the Z-direction, into the page, In the transverse
equivalent circuit of Figure 2(b), the core and cladding dielectrics are repre-
sented by transmission lines of impedance Z; and Z,, respectively, where the
impedances are defined as the conventional wave impedances and are related to
the transverse propagation constants of the waveguide. The impedance of the
bisecting plane is, in general, complex, The transverse resonance procedure -
involves selecting a reference plane within the circuit and then solving for the
impedance seen looking to the left of this plane, Z,, and the impedance looking
to the right, Z,,. " The resonance equation is then obtained by setting the sum,
Z, + Zy, equal to zero. The resulting equation is usually transcendental and
often complex. This equation is the same as the characteristic equation that
would be obtained by a boundary value solution of the problem.

For the transmission line formulation, it is convenient to define the re-
flection coefficient as it is seen by an observer looking toward the wall, In this
notation the reflection coefficient of a perfect conductor is -1 at all angles of
incidence for both polarizations. For real metals at optical frequencies the
situation is more complicated and, therefore, the analysis will be restricted to
high reflectivity metals. In this case the reflection coefficient is nominally equal
to -1 at all angles for perpendicular polarization (this corresponds to TE modes).
However, for parallel polarization (corresponding to TM modes) the reflection
coefficient varies from about -1 at normal incidence to about +1 at grazing inci-
dence, going through a pseudo~Brewster angle at around 70° to 80°.
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The above discussion indicates that the reflection coefficient of a real
metal for TE modes is nominally the same as for a perfect conductor, There-
fore, the metal impedance to be used in the transverse equivalent circuit is
nominally that of a'perfect conductor and the modes are only slightly perturbed
by the finite metal conductivity. For TM modes, however, we have three
situations, For modes with a propagation angle near normal incidence the
perfect conductor approximation is again valid, For arbitrary propagation
angles the situation is complicated and the problem must be solved with grazing
propagation angles, and this is the situation for large-sized, weak-interface
guides, the reflection coefficient is nominally +1. It is well known that the re-
flection coefficient of +1 corresponds to a magnetic wall or open circuit. There-
fore, by substituting the impedance of an open circuit for the metal impedance,
Z,,» the TM propagation constants of the large -sized bisected waveguide may be
obtained. The resultant fields are shown in Figure 5. Note that for this case
only odd-numbered modes occur for both polarizations and, more important,
the TM-0 mode (the dominant one with the perfect conductor bisection) does not
exist on such a waveguide at optical frequencies. '

The conclusion of this brief analysis is that the TE modes on a metal-
bisected waveguide at optical frequencies are similar to those observed on
microwave structures, while the TM modes for certain operating conditions may
differ considerably from their microwave counterparts. In.fact, in the limit of
large-sized, weak-interface guides, the odd-numbered TM modes, expected on

"the basis of perfect conductor assumptions, are nonexistent.- Instead even-
numbered TM modes, normally associated with a perfect magnetic wall‘, are
found.

The theoretical results have been confirmed using an experimental wave-
guide that has pfeviously been discussed in the literature [3]. Figure 6 shows
a photograph of the developmental model. The waveguide consists of two glass
plates suspended in a container of chlorobenzene. The liquid between the plates
acts as the waveguide core. During a previous study of unbisected waveguides,
both glass plates served as cladding [3]. In the present experiments one of the
plates serves as the cladding, while the other plate is a front surface aluminum
mirror that is the bisecting wall. The waveguide was illuminated at one end with
a He-Ne gas laser as shown in Figure 7. A magnified image of the other end was
projected by a microscope and then probed by a small aperture mounted on a
photo-multiplier tube.

Several measurements were performed with this arrangement. The most

conclusive agreement with theory is shown by the aperture distributions of
Figures 8 and 9. The difference in index of refraction between the core and
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cladding materials was adjusted by temperature regulation, With the input
radiation polarized to excite TE modes only, the angle of incidence was varied.
It was found that the only modes that could be propagated were the TE-1 and
TE-3; the measured aperture distributions of these modes are shown in Figure 8.
The polarization of the laser beam was then rotated 90° so that the TM modes
could be excited. In this case, only the TM-1 and TM-3 modes of Figure 9 were
observed, A comparison of the measured field distributions (Figs. 8 and 9) with
the predicted distributions for a typical metal bisector (Fig. 5) indicates agree-
ment with the theory., It should be noted that the even TM modes, including the
TM-0 mode, were not observed.

It was possible by temperature control to slowly vary the difference in
index of refraction between the core and the cladding, thereby adjusting the
operating point of the guide. In this way, it was observed that new modes were
introduced in pairs, i.e., for every TE mode that began to propagate, a TM
mode of the same mode number began to propagate at the same operating point.
This observation is in agreement with the theory developed for imperfecily
conducting bisecting walls. It should be noted that this behavior is quite different
from that occurring with a perfectly conducting bisector,

Optical waveguide components have been suggested as a useful alternative
to conventional optical components, in some cases providing significant per- -

formance advantages. An important goal of the present work is to fabricate such

components in a completely solid form suitable for operational use as well as
laboratory study. The analysis and design of such components will draw heavily
from the wealth of data available in the microwave literature. To illustrate
typical design procedures, a bisected dielectric waveguide has been analyzed.

In this case a conventional microwave analysis and some simple approximations
yield the optical modes of the structure, and indicate that propagation character-
istics are generally similar to those observed at microwave frequencies. How-
ever, for some operation conditions the TM modal spectrum is significantly
altered by the effects of finite metal conductivity. The results have been con-
firmed experimentally in a laboratory-model waveguide. The analysis employed
is typical of the design approach currently employed at Wheeler Laboratories
for developing more sophisticated structures such as optical directional couplers
and waveguide lasers.

The work described in this paper has been part of a program for the de-
velopment of optical waveguide and waveguide components for laser systems.
It was performed initially under NASA contract NASw 888 directed by Roland
Chase of NASA-OART, and is currently being carried on under NASA contract
NAS 12-2 from NASA-ERC directed by Dr. Max Nagel and Janis Bebris. The
work at Wheeler Laboratories has been performed by H. W. Redlien, E. R.
Schineller, D. W. Wilmot, and H. M. Heinemann.
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FIGURE 8. MEASURED APERTURE DISTRIBUTION OF THE TE MODES IN A
BISECTED DIELECTRIC-SLAB WAVEGUIDE AT OPTICAL FREQUENCIES
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FIGURE 9. MEASURED APERTURE DISTRIBUTION OF THE TM MODES IN A
BISECTED DIELECTRIC-SLAB WAVEGUIDE AT OPTICAL FREQUENCIES
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